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ABSTRACT Aliza	  K.	  Nedimyer:	  The	  Foot	  Core	  Musculature	  and	  Exercise	  Related	  Leg	  Pain	  in	  Runners	  (Under	  the	  direction	  of	  Erik	  A.	  Wikstrom)	  	   Lower	  limb	  injuries	  are	  frequently	  sustained	  by	  runners,	  but	  how	  and	  why	  they	  occur,	  as	  well	  as	  why	  some	  individuals	  are	  more	  prone	  to	  injury	  than	  others	  is	  not	  fully	  understood.1	  Because	  the	  foot	  serves	  as	  the	  stable	  base	  for	  the	  kinetic	  chain,	  it	  is	  responsible	  for	  maintaining	  foot	  positioning	  and	  stability	  of	  the	  body	  during	  both	  gait	  and	  stance.	  Previous	  research	  shows	  that	  improper	  foot	  postures	  and	  poor	  foot	  mechanics	  can	  be	  traced	  back	  to	  poor	  foot	  intrinsic	  muscle	  functioning.2,3	  The	  purpose	  of	  this	  study	  is	  to	  evaluate	  the	  foot	  intrinsic	  and	  surrounding	  musculature	  in	  various	  ways	  to	  look	  at	  its	  relationship	  to	  lower	  leg	  injury,	  as	  well	  as	  determine	  how	  it	  correlates	  to	  scores	  of	  lower	  extremity	  injury	  screening	  tools	  in	  order	  to	  attempt	  to	  determine	  the	  relationship	  of	  foot	  core	  musculature	  to	  previous	  shin	  pain	  and	  lower	  leg	  injury,	  as	  well	  as	  lower	  extremity	  injury	  screening	  tools.	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CHAPTER 1 
 Lower	  limb	  injuries	  are	  frequently	  sustained	  by	  runners	  and	  other	  active	  individuals.1	  One	  specific	  area	  that	  frequently	  incurs	  damage	  or	  produces	  pain	  in	  runners	  is	  the	  shin.	  Injury	  to	  the	  shin	  and	  shin	  pain	  has	  been	  defined	  as	  non-­‐traumatic	  exercise	  related	  leg	  pain	  (ELRP).4,5	  Regardless	  of	  why	  people	  choose	  to	  exercise,	  when	  they	  run	  and	  are	  active	  they	  increase	  their	  risk	  for	  sustaining	  lower	  extremity	  injury	  and	  shin	  pain.6	  Shin	  pain	  can	  present	  as	  a	  result	  of	  a	  more	  significant	  injury,	  or	  simply	  due	  to	  use.	  Such	  injures	  range	  from	  overuse	  injuries	  to	  acute	  injures,	  and	  vary	  in	  type	  from	  bony	  pathologies	  to	  muscle	  strains	  and	  ligament	  strains.7	  Numbers	  as	  high	  as	  59	  injuries	  per	  1000	  hours	  of	  running	  exposure	  highlight	  how	  frequently	  these	  running	  related	  injuries	  occur.8	  How	  exactly	  these	  injuries	  occur	  and	  what	  makes	  some	  individuals	  more	  prone	  to	  sustaining	  injuries	  than	  others	  is	  not	  completely	  understood.	  Some	  suggest	  that	  it	  is	  due	  to	  lack	  of	  running	  experience,	  while	  others	  link	  it	  to	  previous	  injury	  and	  total	  mileage	  completed	  in	  a	  week.9	  Yet	  no	  solid	  evidence	  or	  answers	  have	  surfaced.	  	  It	  has	  been	  found	  however,	  that	  the	  foot	  serves	  as	  the	  stable	  base	  for	  the	  kinetic	  chain.	  Within	  the	  foot,	  the	  “foot	  core”	  is	  responsible	  for	  maintaining	  foot	  positioning	  and	  stability.10	  The	  foot	  core,	  as	  we	  understand	  it,	  consists	  of	  three	  subsystems,	  including	  the	  active,	  passive,	  and	  neural	  subsystems	  that	  work	  together	  to	  enable	  the	  foot	  to	  provide	  stability	  to	  the	  body	  during	  both	  stance	  and	  gait.2,11	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Research	  also	  shows	  that	  proper	  mechanics	  of	  the	  foot	  are	  only	  possibly	  when	  there	  is	  normal	  activity	  and	  functioning	  of	  the	  foot	  core.	  Therefore	  improper	  foot	  postures	  and	  poor	  foot	  mechanics	  can	  be	  traced	  back	  to	  poor	  foot	  core	  functioning.2,3	  The	  intrinsic	  muscles	  of	  the	  foot,	  which	  are	  critical	  to	  stabilization	  of	  the	  foot	  have	  a	  large	  impact	  on	  foot	  mechanics	  and	  also	  play	  a	  minor	  role	  in	  force	  production.3	  When	  these	  muscles	  don’t	  perform	  properly,	  poor	  mechanics	  develop,	  and	  therefore	  are	  thought	  to	  lead	  to	  an	  increased	  risk	  for	  and	  development	  of	  lower	  extremity	  injury.12	  Thus,	  there	  is	  a	  high	  potential	  that	  the	  abilities	  of	  the	  foot	  and	  the	  foot	  intrinsic	  muscles,	  which	  make	  up	  a	  large	  portion	  of	  the	  foot	  core,	  are	  related	  to	  the	  development	  of	  shin	  related	  pathologies	  such	  as	  idiopathic	  shin	  pain,	  medial	  tibial	  stress	  syndrome,	  and/or	  stress	  fractures.	  While	  there	  are	  some	  ways	  to	  screen	  for	  lower	  extremity	  injury	  and	  potential	  risk	  factors,	  none	  look	  directly	  at	  the	  foot.	  The	  star	  excursion	  balance	  test	  (SEBT)	  looks	  at	  dynamic	  balancing	  abilities,	  and	  focuses	  on	  the	  lower	  kinetic	  chain	  as	  a	  whole.13	  The	  landing	  error	  scoring	  system	  (LESS)	  also	  looks	  at	  the	  lower	  kinetic	  chain,	  more	  specifically	  the	  knees	  and	  hips,	  and	  has	  been	  found	  to	  aid	  in	  identifying	  those	  with	  a	  higher	  risk	  for	  anterior	  cruciate	  ligament	  (ACL)	  tears.14	  Other	  research	  also	  notes	  that	  previous	  injury	  to	  an	  area	  can	  be	  a	  risk	  factor	  and	  predictive	  of	  future	  injury,	  leaving	  a	  gap	  in	  the	  research	  that	  needs	  to	  be	  filled.14	  Although	  no	  direct	  evidence	  is	  yet	  available,	  there	  seems	  to	  be	  an	  indirect	  link	  between	  foot	  core	  function,	  specifically	  the	  intrinsic	  musculature	  function,	  and	  lower	  extremity	  injury	  which	  may	  help	  to	  fill	  the	  gap.	  While	  there	  is	  not	  yet	  a	  test	  developed	  that	  focuses	  solely	  and	  directly	  on	  the	  foot	  intrinsic	  musculature,	  it	  is	  thought	  that	  evaluating	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various	  characteristics	  of	  the	  foot	  core	  could	  prove	  to	  be	  an	  effective	  screening	  tool	  to	  aid	  in	  identifying	  those	  at	  risk	  for	  lower	  extremity	  injury.	  Before	  more	  research	  on	  the	  topic	  can	  be	  conducted	  on	  this	  topic,	  we	  must	  develop	  a	  consistent	  and	  efficient	  way	  to	  evaluate	  the	  foot	  core	  musculature,	  both	  qualitatively	  and	  quantitatively.	  This	  will	  further	  allow	  us	  to	  determine	  whether	  various	  characteristics	  of	  the	  foot	  core	  are	  different	  in	  those	  who	  have	  suffered	  lower	  limb	  injury,	  as	  well	  as	  determine	  if	  foot	  core	  function	  is	  correlated	  to	  performance	  on	  other	  lower	  extremity	  screening	  tools.	  These	  relationships	  likely	  differ	  among	  different	  types	  of	  lower	  leg	  injuries	  and	  therefore	  we	  have	  decided	  to	  focus	  on	  shin	  injuries	  in	  this	  initial	  investigation	  due	  to	  their	  frequency	  in	  running	  populations.	  	  	  
 
 
Research Questions and Hypotheses 1.	  Do	  measures	  of	  foot	  core	  function,	  for	  example	  strength,	  cross	  sectional	  area	  (CSA),	  and	  contraction	  ability,	  differ	  in	  those	  who	  have	  previously	  experienced	  exercise	  related	  leg	  pain	  relative	  to	  those	  who	  have	  not	  sustained	  such	  injuries?	  Hypothesis:	  Those	  who	  have	  experienced	  exercise	  related	  leg	  pain	  will	  have	  worse	  foot	  core	  function	  than	  those	  who	  have	  not.	  For	  example,	  those	  who	  have	  sustained	  some	  sort	  of	  exercise	  related	  leg	  pain	  will	  have	  impaired	  foot	  core	  function	  as	  demonstrated	  by	  smaller	  CSA,	  and	  less	  strength	  than	  those	  who	  have	  not	  suffered	  a	  shin	  pathology.	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2.	  Does	  foot	  core	  function	  correlate	  to	  other	  lower	  extremity	  screening	  tool	  outcomes?	  Hypothesis:	  Those	  with	  poor	  foot	  intrinsic	  musculature	  function	  and	  foot	  core	  contraction	  will	  also	  perform	  poorly	  on	  established	  lower	  extremity	  screening	  tools.	  For	  example,	  an	  individual	  who	  struggles	  to	  contract	  their	  intrinsic	  musculature	  or	  who	  has	  a	  small	  CSA	  of	  their	  intrinsic	  muscles	  will	  have	  poor	  results	  on	  the	  SEBT	  or	  the	  LESS.	  This	  would	  allow	  us	  to	  see	  that	  there	  is	  a	  relationship	  between	  the	  foot	  intrinsic	  musculature	  and	  tests	  that	  look	  at	  lower	  extremity	  injury	  prediction,	  hopefully	  eventually	  allowing	  us	  to	  create	  a	  relationship	  between	  foot	  intrinsic	  musculature	  and	  a	  variety	  of	  lower	  leg	  injuries.	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CHAPTER 2 
 
 
Introduction Running	  is	  a	  popular	  lifetime	  sport,	  and	  one	  that	  many	  types	  of	  people	  participate	  in.	  Running is widely known to be beneficial for general health.1 Despite	  the	  health	  benefits,	  runners	  often	  experience	  high	  rates	  of	  injury	  to	  their	  feet	  and	  lower	  legs,	  known	  as	  running-­‐related	  injuries	  (RRI).	  Previous	  research	  outlines	  incidence	  rates	  of	  RRI	  ranging	  from	  18.2%	  to	  92.4%6	  or	  6.8	  to	  59	  injuries	  per	  1000	  hours	  of	  running	  exposure.8	  The	  large	  variation	  in	  injury	  rates	  are	  potentially	  due	  to	  various	  populations	  studied,	  or	  due	  to	  the	  definition	  of	  RRI	  that	  was	  used	  in	  each	  study.15	  The	  most	  commonly	  occurring	  RRIs	  happen	  in	  the	  foot,	  lower	  leg,	  and	  the	  knee.	  Such	  RRIs	  include	  medial	  tibial	  stress	  syndrome	  (MTSS),	  stress	  fractures,	  tendinopathy,	  and	  other	  conditions.7	  This	  indicates	  that	  the	  majority	  of	  the	  injuries	  that	  occur	  to	  runners	  have	  some	  sort	  of	  overuse	  component,	  resulting	  from	  overloading	  or	  repetitive	  trauma	  to	  the	  musculoskeletal	  structures	  of	  the	  runners’	  lower	  limbs.	  	  Shin	  pain	  specifically,	  it	  has	  been	  defined	  and	  outlined	  in	  many	  different	  ways.	  However,	  the	  most	  fitting	  descriptions	  found	  in	  the	  research	  include	  the	  term	  ERLP,	  or	  exercise	  related	  leg	  pain	  (ELRP),	  and	  has	  been	  operationally	  defined	  as	  “pain	  located	  in	  the	  anterior,	  medial,	  posterior,	  or	  lateral	  leg	  not	  associated	  with	  a	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traumatic	  injury.”4,5	  The	  lower	  leg	  has	  been	  further	  operationally	  defined	  as	  the	  area	  between	  the	  knee	  and	  the	  talocrural	  joint.16	  Additionally,	  Sallis	  et	  al17	  completed	  a	  15-­‐year	  retrospective	  study	  of	  injury	  reports	  in	  various	  collegiate	  sports,	  finding	  the	  lower	  leg	  was	  the	  most	  common	  site	  of	  injury	  per	  athlete-­‐years.	  
Further,	  previous	  research	  shows	  that	  14.6%	  to	  38.8%	  of	  subjects	  involved	  in	  various	  running	  studies	  have	  experienced	  shin	  pain	  at	  some	  point.4	  Those	  specifically	  looking	  at	  overuse	  leg	  injuries	  in	  collegiate	  cross-­‐country	  runners	  report	  estimates	  of	  shin	  pain	  and	  injury	  being	  experienced	  by	  26.3%	  to	  38.8%	  of	  runners.4	  It	  has	  been	  reported	  that	  within	  all	  running	  injuries,	  injuries	  to	  the	  shin	  had	  the	  highest	  occurrence	  rate	  of	  injury	  and	  re-­‐injury	  per	  athletic	  exposure.18	  The	  first	  group	  to	  consistently	  track	  overuse	  injuries	  was	  the	  National	  Collegiate	  Athletic	  Association,	  using	  a	  system	  called	  the	  Injury	  Surveillance	  System	  (ISS).	  The	  most	  recent	  published	  results	  from	  that	  continuous	  data	  collection	  show	  that	  the	  most	  commonly	  injured	  body	  part	  was	  the	  lower	  leg,	  with	  35.2%	  of	  men’s	  injuries	  occurring	  to	  that	  area,	  and	  23.5%	  of	  women’s.19	  	  
A	  variety	  of	  factors	  may	  influence	  these	  running-­‐related	  injuries,	  and	  factors	  likely	  vary	  from	  person	  to	  person.	  While	  some	  studies	  show	  that	  completing	  too	  much	  mileage	  and	  increasing	  mileage	  too	  quickly	  may	  increase	  the	  risk	  of	  running	  related	  injury,	  body	  mass	  index	  score	  and	  improper	  foot	  mechanics	  and	  postural	  control	  impairments	  have	  also	  been	  identified	  as	  factors	  that	  influence	  increased	  injury	  risk.20	  It	  has	  been	  noted	  that	  novice	  runners	  and	  those	  just	  starting	  out	  on	  running	  programs	  have	  an	  increased	  risk	  for	  developing	  injury	  than	  those	  who	  run	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regularly.20	  Regardless,	  during	  running	  the	  foot	  is	  subjected	  to	  greater	  forces	  than	  during	  walking,	  placing	  those	  who	  run	  at	  a	  higher	  risk	  for	  sustaining	  injury.10	  In	  fact,	  electromyography	  (EMG)	  studies	  have	  shown	  plantar	  intrinsic	  foot	  muscles	  are	  more	  active	  during	  running	  gait	  as	  compared	  to	  walking	  or	  quiet	  standing	  tasks.10	  More	  specifically,	  it	  has	  been	  found	  that	  extension	  forces	  in	  the	  digits	  of	  the	  foot	  during	  late	  stance	  and	  toe	  off	  are	  greater	  during	  running.	   
Anatomy of the Foot 	   The	  foot	  is	  comprised	  of	  the	  bony	  articulations	  of	  26	  bones,	  in	  addition	  to	  both	  passive	  and	  active	  structures	  that	  allow	  for	  foot	  functioning.	  The	  bones	  of	  the	  foot	  consist	  of	  the	  tarsals	  and	  metatarsals,	  as	  well	  as	  the	  phalanx.	  The	  boney	  articulations	  allow	  for	  motion	  within	  the	  foot,	  but	  also	  allow	  for	  stability	  as	  they	  come	  together	  to	  form	  numerous	  arches.	  The	  active	  structures	  of	  the	  foot	  are	  the	  muscles,	  classified	  as	  either	  intrinsic	  or	  extrinsic.	  Passive	  structures	  are	  the	  ligaments	  that	  help	  to	  hold	  structures	  of	  the	  foot	  together	  and	  aid	  in	  providing	  stability.	  Together	  these	  structures	  make	  up	  the	  foot	  core.	  Similar	  to	  the	  idea	  of	  core	  stability	  developed	  within	  the	  abdominal	  system,	  the	  local	  stabilizers	  and	  global	  movers	  of	  the	  foot	  work	  with	  the	  passive	  structures	  and	  the	  bones	  to	  support	  both	  the	  foot	  and	  the	  body.10	  More	  specifically,	  the	  positioning	  of	  the	  bones,	  pull	  of	  the	  muscles,	  and	  stability	  of	  the	  ligaments	  allow	  the	  foot	  to	  function	  as	  a	  shock	  absorber	  and	  a	  rigid	  lever	  during	  gait,	  as	  well	  as	  allowing	  the	  foot	  to	  adapt	  to	  various	  surfaces	  and	  demands	  placed	  upon	  it.	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SUBSYSTEMS	  	   Recently	  a	  new	  model	  for	  describing	  the	  foot	  core	  has	  been	  developed.	  This	  model	  contains	  an	  active,	  passive,	  and	  neural	  subsystem	  that	  work	  together	  for	  optimum	  function.	  The	  concept	  of	  multiple	  subsystems	  working	  together	  at	  the	  foot	  parallels	  Panjabi’s	  199221,22	  article	  on	  spine	  stability.21-­‐23	  The	  active	  subsystem	  is	  made	  up	  of	  the	  dynamic	  stabilizers	  of	  the	  foot,	  including	  the	  intrinsic	  and	  extrinsic	  muscles.10	  While	  these	  muscles	  have	  some	  overlap,	  the	  primary	  difference	  is	  their	  action	  around	  the	  midtarsal,	  subtalar	  and	  ankle	  joints,	  with	  the	  greatest	  difference	  present	  at	  the	  ankle	  joint.24 The	  passive	  subsystem	  is	  comprised	  of	  the	  static	  stabilizers	  of	  the	  foot	  (e.g.	  bones,	  ligaments,	  joint	  capsules)	  that	  support	  the	  arches	  of	  the	  foot.10	  The	  neural	  subsystem	  is	  comprised	  of	  the	  sensory	  information	  and	  motor	  responses	  associated	  with	  the	  active	  and	  passive	  subsystems.10	  The	  sensory	  receptors	  contained	  within	  the	  active	  and	  passive	  subsystems	  are	  responsible	  for	  sending	  sensory	  information	  to	  the	  central	  nervous	  system	  (CNS).	  In	  turn,	  motor	  responses	  are	  facilitated	  through	  the	  neural	  subsystem	  initiating	  motion	  and	  stability	  within	  the	  foot	  when	  necessary.10	  The	  overlap	  of	  these	  systems	  aid	  in	  the	  functioning	  of	  the	  foot	  and	  allows	  the	  foot	  to	  be	  stable	  while	  at	  the	  same	  time	  adapt	  to	  different	  constraints	  in	  order	  to	  accomplish	  movement	  goals.2	  This	  combination	  of	  stability	  and	  adaptability	  represents	  the	  foundation	  of	  for	  proper	  functioning	  of	  the	  entire	  lower	  kinetic	  chain	  during	  gait	  and	  balance	  tasks.	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ARCHES	  The	  arches	  of	  the	  foot	  are	  part	  of	  the	  passive	  subsystem	  and	  include	  the	  medial	  and	  lateral	  longitudinal	  arch	  as	  well	  as	  the	  transverse	  arch.	  Intrinsic	  muscles	  support	  all	  arches	  of	  the	  foot	  with	  secondary	  assistance	  from	  extrinsic	  musculature.	  The	  medial	  longitudinal	  arch	  (MLA)	  has	  specific	  importance,	  playing	  an	  important	  role	  during	  both	  relaxed	  standing	  and	  moving	  gait.10,25	  Passive	  support	  of	  the	  MLA	  is	  provided	  by	  the	  plantar	  fascia,	  ligaments,	  and	  the	  closed-­‐pack	  nature	  of	  the	  subtalar	  joint.3	  Active	  support	  is	  provide	  by	  both	  intrinsic	  and	  extrinsic	  muscules.26	  All	  of	  these	  foot	  components	  allow	  for	  proper	  functioning	  and	  maintenance	  of	  the	  integrity	  of	  the	  MLA,	  which	  is	  critical	  to	  efficient	  foot	  functioning	  and	  transferring	  forces	  through	  the	  foot.26	  Maintaining	  stability	  and	  adaptability	  of	  the	  MLA	  is	  a	  delicate	  task	  requiring	  cooperation	  of	  both	  the	  passive	  and	  active	  subsystems.	  	  	  INTRINSIC	  MUSCULATURE	  Intrinsic	  muscles	  are	  those	  that	  start	  and	  end	  in	  the	  foot.	  They	  are	  responsible	  for	  aiding	  in	  the	  stabilization	  of	  the	  foot	  and	  are	  secondary	  muscles	  used	  in	  the	  production	  of	  flexion	  at	  the	  MTP	  joints	  and	  extension	  at	  the	  interphalangeal	  joints.	  They	  are	  aligned	  in	  four	  layers.	  The	  first	  layer	  contains	  the	  abductor	  hallucis	  (AH),	  flexor	  digitorum	  brevis	  (FDB),	  and	  abductor	  digiti	  minimi	  (ADM).	  The	  second	  layer	  consists	  of	  the	  quadratus	  plantae	  (QP)	  and	  lumbricles.	  The	  third	  layer	  contains	  the	  adductor	  hallucis	  transverse	  (AHT),	  adductor	  hallucis	  oblique	  (AHO),	  flexor	  hallucis	  brevis	  (FHB),	  and	  flexor	  digiti	  minimi	  brevis	  (FDMB).	  The	  fourth	  and	  last	  layer	  consists	  of	  the	  interossei.23	  The	  first	  two	  layers	  of	  the	  plantar	  intrinsic	  musculature	  aligns	  with	  and	  supports	  the	  medial	  and	  lateral	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longitudinal	  arches,	  while	  the	  deeper	  two	  layers	  align	  more	  closely	  with	  and	  provide	  some	  support	  to	  the	  anterior	  and	  posterior	  transverse	  arches.2,10	  The	  intrinsic	  muscles	  of	  the	  foot	  are	  generally	  very	  small	  muscles	  that	  aid	  in	  proper	  stabilization	  rather	  than	  generating	  forceful	  motion.	  The	  foot	  intrinsic	  muscles	  role	  in	  stabilization	  of	  the	  MLA	  allows	  for	  stabilization	  of	  the	  foot	  as	  a	  whole.	  While	  the	  foot	  intrinsic	  muscles	  have	  small	  cross	  sectional	  areas	  and	  moment	  arms,	  their	  location	  between	  the	  calcaneus	  and	  tarsal	  joints	  is	  what	  allows	  for	  MLA	  support,10,26	  allowing	  for	  control	  over	  and	  limitation	  of	  arch	  deformation	  within	  the	  foot.	  The	  foot	  intrinsic	  muscles	  provide	  a	  firm	  and	  stable	  base	  for	  propulsion,	  yet	  at	  the	  same	  time	  allow	  for	  flexibility	  and	  force	  attenuation	  during	  gait.26	  The	  foot	  intrinsic	  muscles	  are	  active	  during	  both	  ambulation	  and	  quiet	  standing.	  During	  ambulation,	  foot	  intrinsic	  muscle	  activity	  has	  been	  observed	  during	  both	  the	  active	  (swing)	  and	  passive	  (stance)	  phases	  of	  gait.	  Electromyography	  (EMG)	  has	  demonstrated	  the	  role	  of	  the	  foot	  intrinsic	  muscles	  during	  the	  propulsion	  phase	  of	  gait,	  as	  they	  are	  more	  active	  during	  the	  propulsion	  phase	  as	  compared	  to	  the	  absorption	  phase.10	  More	  specifically,	  the	  greatest	  amount	  of	  activity	  occurs	  during	  the	  heel	  lift	  off	  portion	  of	  the	  stance	  phase	  of	  gait.27	  Additionally,	  reduced	  intrinsic	  muscle	  activity	  influences	  arch	  height	  during	  standing,	  suggesting	  the	  intrinsic	  muscles	  of	  the	  foot	  also	  influence	  balance,	  foot	  posture	  and	  MLA	  maintenance	  even	  during	  quiet	  stance.27	  	  The	  intrinsic	  muscles	  of	  the	  foot	  work	  segmentally	  to	  stabilize	  the	  MLA,	  yet	  also	  play	  a	  key	  role	  in	  arch	  positioning	  during	  functional	  activity.3	  The	  intrinsic	  foot	  flexors	  function	  to	  create	  a	  strong	  lever	  for	  ankle	  joint	  plantar	  flexion	  during	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running	  gait,	  while	  at	  the	  same	  time	  are	  consistently	  active	  under	  the	  load	  of	  body	  weight	  and	  play	  an	  important	  role	  in	  jumping	  ability.28	  In	  order	  to	  adapt	  to	  all	  demands	  placed	  upon	  the	  intrinsic	  muscles	  of	  the	  foot	  during	  a	  variety	  of	  tasks,	  the	  intrinsic	  muscles	  work	  in	  conjunction	  with	  the	  extrinsic	  muscles	  and	  other	  static	  components	  of	  the	  foot.25	  In	  addition	  to	  working	  with	  extrinsic	  muscles,	  previous	  research	  shows	  that	  the	  foot	  intrinsic	  muscles	  work	  together	  to	  create	  stability	  and	  reduce	  forces	  applied	  to	  the	  body	  through	  the	  foot.	  The	  intrinsic	  muscles	  of	  the	  foot	  work	  as	  a	  functional	  unit	  for	  stabilization	  of	  the	  toes	  during	  the	  push	  off	  phase	  of	  gait	  and	  at	  the	  same	  time	  help	  to	  resist	  excessive	  subtalar	  joint	  pronation.11	  Although	  the	  intrinsic	  muscles	  may	  be	  small,	  due	  to	  synchronous	  activation	  they	  are	  an	  essential	  response	  to	  balance	  maintenance	  and	  foot	  function.11	  This	  is	  supported	  by	  research	  illustrating	  that	  intrinsic	  muscle	  dysfunction	  leads	  to	  foot	  malalignment	  and	  extraneous	  movement.10	  The	  need	  for	  intrinsic	  muscle	  strength	  has	  become	  clear	  as	  research	  delineates	  their	  importance	  in	  stabilizing	  the	  MLA,	  balance,	  gait,	  and	  overall	  function	  of	  the	  foot.	  However,	  the	  amount	  of	  intrinsic	  strength	  needed	  to	  perform	  these	  tasks	  appears	  patient	  specific	  and	  dependent	  on	  support	  provided	  by	  other	  structures	  and	  foot	  alignment.	  	  EXTRINSIC	  MUSCULATURE	  Extrinsic	  muscles	  of	  the	  foot	  are	  considered	  to	  be	  the	  global	  and	  prime	  movers	  of	  the	  foot,	  originating	  on	  the	  lower	  leg	  and	  crossing	  the	  ankle	  before	  ending	  at	  their	  insertion	  points	  within	  the	  foot.	  10	  When	  compared	  to	  the	  intrinsic	  muscles	  they	  are	  larger	  in	  both	  size	  and	  cross-­‐sectional	  area,	  and	  have	  larger	  lever	  arms,	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making	  them	  more	  powerful.10	  Their	  structure	  consists	  of	  long	  tendons	  stemming	  from	  muscle	  bellies	  allowing	  for	  powerful	  motion.	  The	  locations	  of	  the	  extrinsic	  muscles	  allow	  for	  them	  to	  lend	  some	  support	  the	  transverse	  and	  longitudinal	  arches	  of	  the	  foot,	  complimenting	  the	  support	  given	  by	  the	  intrinsic	  muscles.10	  Much	  like	  the	  intrinsic	  muscles,	  the	  extrinsic	  muscles	  are	  active	  in	  both	  propulsion	  and	  absorption	  during	  functional	  activity,	  as	  well	  as	  in	  quiet	  standing	  and	  balance.10	  Without	  the	  aid	  of	  the	  extrinsic	  muscles,	  the	  intrinsic	  muscles	  would	  not	  be	  able	  to	  function	  properly.	  Together	  the	  intrinsic	  and	  extrinsic	  muscles	  allow	  for	  proper	  and	  ideal	  functioning	  of	  the	  foot.	  	  	  
Mechanics	  During	  Stance	  and	  Gait	  	   STANCE	  AND	  BALANCE	  The	  foot	  and	  all	  components	  of	  it	  play	  a	  large	  role	  in	  both	  quiet	  stance	  and	  activities	  that	  require	  dynamic	  balance.	  Even	  when	  no	  motion	  is	  occurring	  within	  the	  lower	  limb,	  both	  the	  intrinsic	  and	  extrinsic	  foot	  muscles	  are	  active	  and	  supporting	  the	  arches	  of	  the	  foot.	  	  Therefore	  these	  muscles	  support	  the	  body	  as	  a	  whole.	  Recent	  findings	  have	  developed	  key	  connections	  between	  the	  foot	  core	  and	  postural	  control.	  Kelly	  et	  al.11	  found	  that	  single	  leg	  balancing	  elicited	  higher	  EMG	  activity	  from	  intrinsic	  muscles	  than	  double	  leg	  stance	  or	  resting	  positions.	  This	  result,	  illustrates	  that	  plantar	  intrinsic	  foot	  muscle	  recruitment	  acts	  in	  response	  to	  postural	  demands.11	  The	  results	  also	  show	  that	  activity	  of	  intrinsic	  muscles	  increase	  more	  with	  medial	  to	  lateral	  sway,	  as	  opposed	  to	  anterior	  to	  posterior	  sway.	  Anterior	  posterior	  sway	  increases	  the	  EMG	  activity	  of	  posterior	  leg	  muscles.11	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  GAIT	   The	  medial	  longitudinal	  arch	  (MLA)	  and	  the	  plantar	  intrinsic	  muscles	  each	  play	  an	  important	  role	  in	  achieving	  proper	  foot	  mechanics	  during	  gait.	  The	  MLA	  is	  involved	  in	  both	  portions	  of	  the	  gait	  cycle,	  including	  stance	  and	  propulsion.26	  The	  MLA	  flattens	  during	  mid-­‐stance	  to	  allow	  for	  shock	  absorption	  and	  to	  cushion	  impact	  when	  the	  foot	  makes	  contact	  with	  the	  ground,	  and	  also	  stores	  energy	  within	  the	  elastic	  components.	  10	  Prior	  research	  shows	  that	  adequate	  strength,	  endurance,	  and	  neuromuscular	  control	  of	  the	  intrinsic	  foot	  muscles	  are	  critical	  to	  support	  of	  the	  MLA	  during	  gait26.	  At	  the	  same	  time,	  an	  inability	  to	  control	  the	  arch	  could	  predispose	  individuals	  to	  injuries	  related	  to	  foot	  pronation.26	  Dysfunction	  of	  the	  intrinsic	  muscles	  can	  also	  lead	  to	  the	  production	  of	  greater	  than	  normal	  forces	  being	  exerted	  on	  the	  foot.	  These	  forces	  can	  be	  harmful	  and	  damaging	  if	  mechanics	  are	  not	  corrected.10	  The	  stable	  support	  of	  the	  foot	  as	  a	  whole,	  provided	  by	  the	  MLA	  is	  a	  direct	  result	  of	  the	  support	  that	  the	  intrinsic	  foot	  muscles	  provide	  for	  the	  MLA.	  This	  support	  combined	  with	  the	  motion	  of	  the	  foot	  experienced	  during	  gait	  is	  critical	  to	  the	  overall	  gait	  mechanics	  and	  ensuring	  that	  proper	  foot	  function	  limits	  injury	  in	  both	  the	  foot	  and	  further	  up	  the	  kinetic	  chain.	  While	  some	  research	  has	  been	  conducted	  determining	  the	  role	  of	  the	  intrinsic	  foot	  musculature	  during	  gait,	  continuing	  research	  will	  lead	  to	  better	  understanding	  the	  role	  of	  intrinsic	  muscles	  and	  their	  responsibility	  in	  maintaining	  the	  integrity	  of	  the	  MLA	  during	  all	  aspects	  of	  foot	  motion.	  Further,	  understanding	  the	  specific	  role	  of	  the	  intrinsic	  foot	  muscles	  during	  running	  will	  allow	  clinicians	  to	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more	  effectively	  diagnose	  and	  treat	  injuries	  of	  the	  foot,	  especially	  those	  linked	  to	  hyperpronation	  and	  weak	  or	  non-­‐existent	  intrinsic	  musculature	  contraction.12	  It	  is	  important	  to	  keep	  in	  mind	  that	  the	  foot	  is	  very	  complex	  structure	  that	  serves	  as	  the	  base	  of	  the	  kinetic	  chain.	  The	  foot	  therefore	  has	  a	  large	  impact	  on	  gait	  mechanics	  and	  proper	  functioning	  of	  all	  aspects	  of	  the	  foot	  is	  critical	  to	  proper	  functioning	  of	  the	  biomechanics	  of	  the	  lower	  limb	  as	  a	  whole.	  	  	  
Consequences of Poor Mechanics While	  there	  are	  countless	  causes	  for	  foot	  injury,	  most	  are	  likely	  caused	  by	  poor	  mechanics	  or	  poor	  foot	  posture.	  Intrinsic	  muscles	  of	  the	  foot	  have	  been	  found	  to	  play	  a	  role	  in	  altering	  arch	  positioning	  during	  functional	  activities,	  which	  when	  not	  done	  properly	  can	  lead	  to	  injury.	  Dysfunction	  within	  both	  the	  active	  and	  passive	  structures	  of	  the	  foot	  can	  lead	  to	  reduced	  stability	  and	  sensory	  control	  of	  the	  foot	  and	  therefore	  result	  in	  an	  inability	  to	  adapt	  to	  various	  demands	  and	  surfaces.2	  Various	  foot	  postures	  have	  also	  been	  associated	  with	  a	  lack	  of	  intrinsic	  musculature	  activation,	  and	  therefore	  are	  often	  named	  a	  contributing	  factory	  to	  injury	  of	  the	  foot	  or	  lower	  limb.3	  Injury	  to	  the	  lower	  limb	  comes	  as	  a	  result	  of	  the	  foot	  not	  being	  able	  provide	  a	  stable	  base	  for	  the	  entire	  kinetic	  chain.	  	  Intrinsic	  foot	  muscle	  dysfunction	  has	  been	  identified	  as	  a	  potential	  cause	  of	  foot	  injury.	  McKeon	  et	  al2	  found	  that	  weak	  plantar	  intrinsic	  muscles	  can	  lead	  to	  dysfunction	  of	  the	  foot	  and	  therefore	  increase	  stress	  on	  the	  tarsal	  joints	  and	  cause	  damage	  to	  both	  passive	  and	  active	  structures	  within	  the	  foot.	  Intrinsic	  foot	  musculature	  weakness	  has	  also	  been	  found	  to	  be	  a	  factor	  in	  improper	  MLA	  function,	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due	  to	  their	  primary	  role	  as	  a	  MLA	  stabilizer.	  An	  abnormally	  high	  or	  abnormally	  flat	  MLA	  can	  lead	  to	  injury	  by	  altering	  the	  mechanics	  of	  the	  foot	  and	  placing	  stress	  on	  structures	  that	  are	  not	  built	  for	  it.27	  Research	  shows	  an	  unstable	  MLA	  is	  an	  etiological	  factor	  in	  both	  foot	  and	  lower	  extremity	  injuries.27	  	  For	  example,	  dysfunction	  and	  weakness	  of	  the	  intrinsic	  foot	  musculature	  can	  directly	  lead	  to	  plantar	  fasciitis,	  medial	  tibial	  stress	  syndrome	  (MTSS),	  and	  hallux	  valgus	  deformity.11,12	  In	  fact,	  patients	  with	  unilateral	  plantar	  fasciitis	  had	  less	  total	  volume	  of	  the	  plantar	  intrinsic	  muscles	  in	  their	  forefoot	  region	  compared	  to	  their	  contralateral	  healthy	  limbs	  when	  measured.2	  Various	  toe	  deformities	  have	  also	  been	  observed	  in	  those	  specifically	  diagnosed	  with	  intrinsic	  muscle	  atrophy.	  This	  is	  a	  direct	  result	  of	  an	  imbalance	  of	  extensor	  forces	  at	  any	  and	  all	  of	  the	  metatarsal	  phalangeal	  (MTP)	  joints.25	  MTSS,	  for	  example,	  can	  be	  caused	  by	  overuse	  of	  the	  extrinsic	  musculature	  if	  and	  when	  it	  is	  required	  to	  compensate	  for	  the	  intrinsic	  muscles.	  	  In	  addition	  to	  being	  direct	  contributors	  to	  foot	  pathology,	  foot	  biomechanics	  and	  structural	  abnormalities	  have	  also	  been	  linked	  to	  the	  development	  of	  various	  foot	  postures.	  Any	  foot	  posture	  that	  deviates	  from	  normal	  has	  the	  ability	  to	  make	  individuals	  more	  susceptible	  to	  injury.	  	  Links	  between	  Intrinsic	  musculature	  weakness	  and	  contributions	  to	  the	  development	  of	  pes	  cavus	  foot	  posture	  have	  recently	  been	  observed.25	  Similarly,	  pes	  planus	  has	  been	  linked	  to	  excessive	  pronation	  of	  the	  foot,	  which	  may	  be	  caused	  by	  weakness	  or	  dysfunction	  of	  the	  intrinsic	  foot	  musculature.23	  Dysfunction	  of	  the	  plantar	  intrinsic	  muscles	  can	  also	  lead	  to	  a	  predisposition	  of	  hyperpronation.	  	  Hyperpronation	  can	  cause	  overuse	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injuries	  such	  as	  plantar	  fasciitis,	  hallux	  valgus,	  and	  chronic	  heel	  pain,	  as	  well	  as	  injuries	  that	  occur	  further	  up	  the	  kinetic	  chain	  including	  hip	  and	  low	  back	  pain.12	  While	  muscle	  weakness	  can	  be	  identified	  as	  a	  potential	  cause	  of	  various	  foot	  injuries,	  it	  is	  important	  to	  keep	  in	  mind	  that	  it	  cannot	  be	  attributed	  to	  one	  singular	  muscle	  and	  that	  there	  are	  other	  etiological	  factors	  that	  also	  play	  a	  role.	  With	  a	  better	  understanding	  of	  the	  causes	  of	  foot	  injury,	  we	  have	  come	  to	  understand	  that	  with	  a	  stable	  base,	  there	  is	  a	  much	  lower	  of	  a	  risk	  for	  individuals	  to	  develop	  foot	  and	  even	  lower	  leg	  injuries.	  In	  order	  for	  the	  lower	  leg	  to	  be	  stable,	  the	  foot	  must	  be	  also.	  Injuries	  in	  the	  foot,	  ankle,	  lower	  leg,	  knee,	  and	  as	  far	  up	  the	  kinetic	  chain	  as	  the	  back	  can	  be	  traced	  back	  to	  abnormal	  foot	  motion	  and	  an	  unstable	  base.27	  When	  these	  injuries	  do	  present,	  they	  can	  be	  a	  challenge	  to	  care	  for,	  as	  there	  is	  usually	  no	  one	  quick	  fix.	  27	  Multifaceted,	  chronic	  foot	  injuries	  require	  time	  to	  determine	  the	  true	  cause,	  which	  is	  usually	  related	  to	  foot	  posture.	  In	  order	  to	  prevent	  such	  injuries	  completely,	  the	  intrinsic	  foot	  muscles	  must	  be	  able	  to	  consistently	  activate	  and	  produce	  the	  proper	  forces	  at	  specific	  moments	  during	  the	  stance	  phase	  of	  gait	  allowing	  the	  foot	  to	  be	  able	  to	  absorb,	  process,	  and	  distribute	  the	  forces	  placed	  on	  all	  structures	  in	  the	  lower	  limb.	  The	  inability	  to	  properly	  do	  so	  can	  result	  in	  injury	  of	  various	  kinds.23	  	   	  	  
Techniques for Evaluating the Intrinsic Musculature A	  number	  of	  techniques	  have	  been	  developed	  to	  evaluate	  intrinsic	  muscle	  function.	  There	  are	  both	  direct	  and	  indirect	  techniques	  to	  measuring	  intrinsic	  muscle	  function.	  Direct	  methods	  tend	  to	  focus	  on	  toe	  flexion	  strength	  while	  indirect	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methods	  assess	  the	  muscles	  more	  globally	  using	  imaging	  and	  EMG	  to	  estimate	  function.25	  	  DIRECT	  METHODS	  
Muscle	  Strength	  Strength	  of	  the	  intrinsic	  muscles	  can	  be	  measured	  in	  numerous	  ways	  including	  toe	  dynamometry	  and	  special	  tests.	  These	  tests	  include	  the	  paper	  grip	  test	  and	  the	  intrinsic	  positive	  test,	  which	  assess	  the	  strength	  of	  the	  muscles	  throughout	  the	  range	  of	  motion.	  The	  dynamometry	  can	  be	  done	  using	  multiple	  techniques,	  which	  may	  activate	  different	  muscles	  due	  to	  varying	  positioning	  and	  motions	  of	  the	  foot	  and	  the	  machinery	  used.25	  Hand-­‐held	  dynamometry	  allows	  both	  flexion	  at	  the	  MTP	  joint	  and	  extension	  at	  the	  interphalangeal	  joint,	  making	  it	  the	  most	  likely	  measure	  to	  activate	  intrinsic	  muscles,	  causing	  it	  to	  be	  more	  effective	  than	  other	  types	  of	  toe	  dynamometry	  that	  don’t	  successfully	  active	  the	  intrinsic	  muscualture.25	  Cuff	  based	  dynamometry	  can	  measure	  both	  flexor	  and	  extensor	  muscle	  strength	  depending	  on	  the	  position	  of	  the	  cuff,	  which	  is	  moveable.25	  When	  using	  toe	  flexion	  to	  asses	  the	  intrinsic	  muscles,	  it	  is	  important	  to	  take	  into	  consideration	  that	  it	  is	  hard	  to	  separate	  the	  contributions	  of	  these	  muscles	  from	  the	  extrinsic	  muscles	  that	  also	  act	  on	  that	  joint.25	  Research	  found	  that	  completing	  toe	  flexion	  exercises	  while	  the	  ankle	  joint	  is	  in	  a	  plantar	  flexed	  position	  is	  an	  effective	  method	  for	  intrinsic	  foot	  flexor	  strength	  training.28	  By	  understanding	  ankle	  joint	  mechanics	  and	  the	  limitation	  that	  plantar	  flexion	  has	  on	  the	  activity	  of	  extrinsic	  muscles,	  this	  is	  an	  ideal	  test	  position	  for	  intrinsic	  muscle	  strength.28	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Two	  qualitative	  tests	  can	  be	  completed	  to	  assess	  the	  functioning	  of	  the	  intrinsic	  muscles	  of	  the	  foot.	  The	  paper	  grip	  test	  involves	  the	  patient	  holding	  a	  sheet	  of	  paper	  between	  their	  feet,	  and	  has	  shown	  activity	  in	  both	  the	  intrinsic	  and	  extrinsic	  muscles	  of	  the	  foot	  and	  ankle	  when	  monitored	  by	  EMG.	  Although	  repeatable,	  the	  paper	  grip	  test	  is	  not	  extremely	  valid	  as	  it	  doesn’t	  measure	  intrinsic	  muscle	  strength	  alone.25	  The	  intrinsic	  positive	  test	  assesses	  intrinsic	  muscle	  function	  in	  a	  qualitative	  way	  based	  on	  function	  (flexion	  and	  extension)	  of	  the	  smaller	  toes.	  Although	  it	  has	  not	  been	  extensively	  investigated	  and	  at	  this	  point	  and	  has	  not	  been	  found	  to	  be	  the	  most	  reliable	  method	  of	  testing	  the	  intrinsic	  muscles	  due	  to	  simultaneous	  activation	  of	  the	  extrinsic	  musculature,	  there	  is	  potential	  for	  it	  to	  be	  beneficial	  with	  further	  research.25	  	  	  INDIRECT	  METHODS	  
Navicular	  Drop/Arch	  Height	  Navicular	  drop	  and	  arch	  height	  measures	  deformation	  within	  the	  MLA.	  Navicular	  drop	  is	  defined	  as	  the	  change	  in	  height	  of	  the	  navicular	  when	  starting	  in	  a	  non-­‐weight	  bearing	  subtalar	  neutral	  position	  and	  moving	  to	  a	  weight	  bearing	  position.29	  Navicular	  drop	  is	  also	  known	  as	  a	  composite	  measure	  of	  pronation.	  Research	  has	  determined	  a	  greater	  inferior	  displacement	  of	  the	  navicular	  is	  found	  during	  weight	  bearing	  when	  compared	  to	  non-­‐weight	  bearing	  and	  subtalar	  neutral	  positions,	  which	  represents	  increased	  pronation	  of	  the	  foot.12,29	  It	  is	  also	  thought	  that	  the	  amount	  of	  motion	  occurring	  at	  the	  subtalar	  joint	  can	  indirectly	  measured	  with	  a	  navicular	  drop	  test.23,30	  While	  the	  measure	  of	  navicular	  drop	  is	  related	  to	  navicular	  motion	  during	  static	  activities,	  it	  is	  not	  necessarily	  related	  to	  navicular	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motion	  during	  functional	  activity.23	  Since	  the	  navicular	  is	  considered	  the	  keystone	  of	  the	  MLA	  and	  serves	  as	  its	  central	  bony	  structure,	  results	  from	  the	  navicular	  drop	  test	  are	  inferred	  to	  functional	  activity	  and	  stability	  of	  the	  MLA.	  To	  measure	  navicular	  drop,	  most	  clinicians	  use	  the	  method	  developed	  by	  DM	  Brody	  in	  1982.29	  This	  method	  consists	  of	  the	  following	  steps:	  1)	  Seat	  the	  patient	  with	  knees	  and	  ankles	  flexed.	  2)	  Palpate	  dome	  of	  talus.	  3)	  Find	  subtalar	  neutral.	  4)	  Place	  marker	  over	  navicular	  tubercle	  (can	  be	  stuck	  or	  marked	  in	  pen).	  5)	  Line	  height	  caliper	  movement	  arm	  up	  with	  navicular	  tuberosity.	  6)	  Measure	  height	  of	  navicular	  in	  relation	  to	  the	  floor.	  6)	  Have	  patient	  stand	  up.	  7)	  Ask	  patient	  to	  ensure	  that	  knee	  is	  in	  line	  with	  the	  toe,	  that	  they	  are	  putting	  equal	  amounts	  of	  weight	  on	  each	  foot.	  Make	  sure	  that	  the	  tibia	  is	  perpendicular	  to	  the	  floor	  8)	  Measure	  navicular	  height	  in	  relation	  to	  the	  floor	  for	  a	  second	  time.	  9)	  Calculate	  the	  difference	  between	  seated	  and	  standing	  measurements.	  The	  difference	  in	  the	  two	  measurements	  represents	  the	  amount	  of	  navicular	  drop.12,29	  Another	  thing	  to	  note	  is	  that	  Jam	  et	  al23	  developed	  a	  more	  thorough	  way	  for	  finding	  subtalar	  neutral.	  This	  includes	  actively	  extending	  the	  toes	  without	  lifting	  the	  metatarsal	  heads	  off	  the	  floor.	  The	  toes	  should	  then	  be	  returned	  to	  the	  floor	  without	  dropping	  the	  MLA.	  Navicular	  height	  can	  now	  be	  measured	  and	  considered	  the	  subtalar	  neutral	  navicular	  height.23	  	  While	  various	  grading	  scales	  have	  been	  used	  to	  measure	  and	  determine	  normal	  and	  abnormal	  navicular	  drop,	  Brody	  et	  al	  noted	  that	  a	  difference	  in	  navicular	  height	  of	  10mm	  is	  considered	  normal,	  whereas	  anything	  ≥15mm	  is	  considered	  abnormal.27,29	  Other	  studies	  have	  used	  differing	  cut	  points	  to	  assess	  abnormal	  navicular	  drop.	  Loudon	  et	  al	  determined	  that	  a	  drop	  of	  6-­‐9mm	  was	  normal	  and	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anything	  >10mm	  was	  abnormal.23,31	  Within	  trained	  clinicians,	  navicular	  drop	  measurements	  have	  shown	  good	  inter-­‐rater	  reliability.27	  Jam	  et	  al	  determined	  the	  navicular	  drop	  test	  demonstrates	  poor	  inter	  and	  intra-­‐tester	  reliability,	  when	  conducted	  by	  inexperienced	  testers,	  and	  therefore	  training	  is	  important.23	  	  Research	  surrounding	  navicular	  drop	  measurements	  have	  pertinent	  findings	  in	  relation	  to	  the	  intrinsic	  muscles	  of	  the	  foot.	  One	  study	  found	  when	  measuring	  both	  pathological	  and	  non-­‐pathological	  feet,	  there	  is	  a	  difference	  in	  navicular	  drop	  measurments.23	  Another	  study	  showed	  that	  fatiguing	  the	  intrinsic	  muscles	  of	  the	  foot	  via	  repetitive	  isolated	  contractions	  of	  various	  foot	  muscles	  led	  to	  an	  increase	  in	  navicular	  drop	  when	  standing	  in	  healthy	  subjects.10,12	  Headlee	  et	  al	  reproduced	  these	  findings,	  which	  suggests	  that	  the	  intrinsic	  foot	  muscles	  provide	  critical	  support	  to	  the	  MLA	  during	  static	  stance.12,27	  Similarly,	  an	  increase	  (3mm)	  in	  navicular	  drop	  was	  measured	  during	  static	  stance	  after	  the	  innervation	  (tibial	  nerve)	  of	  the	  plantar	  intrinsic	  muscles	  was	  blocked.12,27	  Anesthetic	  paralysis	  and	  fatigue	  of	  the	  plantar	  intrinsic	  muscles	  reduced	  MLA	  height.27	  Conversely,	  a	  four-­‐week	  intrinsic	  foot	  muscle	  training	  progression	  reduced	  navicular	  drop	  (i.e.	  lessened	  the	  amount	  of	  drop)	  in	  healthy	  participants	  immediately	  after	  the	  intervention	  and	  at	  a	  1-­‐month	  follow	  up.3	  While	  unable	  to	  determine	  how	  specific	  individual	  intrinsic	  muscles	  aid	  in	  supporting	  the	  arch,	  these	  studies	  suggest	  the	  intrinsic	  muscles	  work	  together	  as	  a	  unit12,24,27	  
Ultrasound	  	  Ultrasound	  is	  an	  indirect	  method	  used	  to	  measure	  the	  intrinsic	  muscles	  of	  the	  foot,	  and	  is	  used	  to	  estimate	  muscle	  structure,	  as	  well	  as	  activity	  and	  biochemical	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properties	  of	  the	  muscles	  themselves.25	  Ultrasound	  is	  not	  capable	  of	  measuring	  strength	  or	  force	  of	  the	  muscles,	  but	  easily	  allows	  for	  discrimination	  between	  specific	  muscles.25	  Previous	  studies	  have	  shown	  that	  “multiple	  ultrasound	  images	  of	  small	  muscles	  are	  able	  to	  adequately	  measure	  muscle	  morphological	  variables.”32	  Most	  frequently	  ultrasound	  is	  used	  to	  measure	  cross	  sectional	  area,	  foot	  thickness	  and	  width	  of	  muscles,	  with	  the	  ability	  to	  look	  at	  the	  intrinsic	  muscles	  both	  as	  a	  group	  and	  individually.25	  “The	  CSA	  is	  described	  as	  an	  area	  of	  the	  cross	  section	  of	  a	  structure	  perpendicular	  to	  its	  longitudinal	  dimension,	  whilst	  thickness	  of	  the	  structure	  is	  defined	  as	  the	  distance	  between	  its	  aponeuroses.”24	  Research	  shows	  that	  measuring	  muscle	  morphology	  (CSA,	  muscle	  thickness)	  can	  be	  indicative	  of	  muscle	  performance,	  including	  strength.32-­‐34	  By	  using	  ultrasound	  in	  conjunction	  with	  direct	  measures	  of	  strength,	  a	  more	  comprehensive	  assessment	  of	  the	  quantity	  and	  quality	  of	  the	  foot	  musculature	  can	  be	  obtained	  than	  using	  either	  assessment	  technique	  in	  isolation.	  	  
EMG	   Electromyography	  (EMG)	  is	  also	  used	  to	  measure	  the	  quality	  of	  the	  contractions	  of	  the	  foot	  musculature.	  Two	  types	  of	  EMG	  can	  be	  utilized.	  This	  includes	  intramuscular	  EMG	  and	  surface	  EMG.	  Intramuscular	  EMG	  is	  used	  for	  its	  potential	  to	  detect	  intrinsic	  muscle	  activation	  patterns	  within	  the	  intrinsic	  muscles	  of	  the	  foot.	  It	  therefore	  can	  provide	  valuable	  information	  about	  the	  function	  of	  the	  intrinsic	  muscles	  during	  various	  activities	  and	  tasks,	  while	  surface	  EMG	  looks	  at	  the	  musculature	  as	  whole	  and	  is	  less	  specific.11 While	  EMG	  is	  good	  at	  detecting	  activity	  of	  individual	  intrinsic	  muscles,	  it	  is	  unable	  to	  determine	  overall	  strength	  of	  the	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intrinsic	  muscles.11	  However,	  EMG	  can	  be	  useful	  as	  part	  of	  a	  battery	  of	  clinical	  tests	  which	  assess	  intrinsic	  foot	  function.	  Previously	  conducted	  EMG	  studies	  have	  demonstrated	  that	  alteration	  in	  contraction	  patterns	  or	  impairment	  of	  plantar	  foot	  intrinsic	  muscles	  influence	  navicular	  height	  and	  shape	  of	  the	  MLA.3	  Additionally,	  EMG	  signal	  amplitude	  increased	  in	  all	  muscles	  within	  the	  foot	  when	  postural	  demands	  of	  a	  task	  were	  increased.11 Following	  a	  tibial	  nerve	  block,	  abductor	  hallucis	  longus	  EMG	  activity	  was	  decreased	  and	  accompanied	  a	  drop	  in	  navicular	  height.27	  EMG	  is	  a	  unique	  assessment	  tool	  that	  quantitatively	  measures	  muscle	  activity.	  	  Because	  of	  its	  relative	  ease	  of	  use,	  it	  should	  be	  added	  to	  comprehensive	  assessment	  batteries	  whenever	  possible.	  	  
Evaluation	  of	  Muscle	  Contraction	  Quality	  Contraction	  grading	  is	  a	  novel	  way	  to	  assess	  the	  intrinsic	  muscles	  of	  he	  foot.	  It	  begins	  with	  determining	  the	  foot	  posture	  of	  the	  individual,	  and	  then	  grades	  contraction	  strength	  based	  on	  foot	  posture.	  Foot	  posture	  is	  defined	  as	  normal,	  pes	  planus	  (flat	  footed),	  or	  pes	  cavus	  (high	  arched).35	  Jam	  et	  al23	  graded	  contraction	  strength	  using	  the	  following	  steps:	  1)	  Have	  patient	  stand	  with	  feet	  shoulder	  width	  apart	  and	  knees	  flexed	  a	  short	  distance	  from	  a	  wall.	  The	  fingers	  can	  be	  used	  gently	  to	  steady	  the	  body	  with	  the	  wall.	  2)	  Have	  the	  subject	  find	  subtalar	  neutral.	  Either	  the	  clinician	  can	  do	  this	  by	  palpating	  the	  head	  and	  neck	  of	  the	  talus	  until	  they	  are	  felt	  equally	  on	  both	  sides,	  or	  the	  subject	  can	  extend	  their	  toes	  without	  lifting	  the	  metatarsals	  off	  the	  floor.	  3)	  Patient	  then	  stands	  on	  a	  single	  foot	  for	  30	  seconds	  during	  which	  time,	  the	  clinician	  evaluates	  the	  motion	  of	  the	  navicular	  and	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compensatory	  extrinsic	  muscle	  activity.	  4)	  This	  30-­‐second	  standing	  task	  should	  be	  repeated	  on	  the	  other	  foot.	  The	  contractions	  can	  then	  be	  graded	  as	  poor,	  fair,	  or	  satisfactory.	  A	  poor	  ranking	  is	  given	  when	  the	  patient	  cannot	  maintain	  navicular	  height	  and	  stability	  and	  if	  the	  extrinsic	  muscles	  are	  consistently	  active	  throughout	  the	  test.	  A	  fair	  ranking	  is	  given	  when	  there	  is	  minimal	  shifting	  in	  the	  navicular	  and	  minimal	  activity	  of	  the	  extrinsic	  muscles	  during	  the	  30-­‐second	  stance.	  A	  satisfactory	  ranking	  is	  given	  when	  there	  is	  steadiness	  in	  the	  navicular	  and	  no	  over-­‐activity	  of	  the	  extrinsic	  muscles.23	  While	  this	  grading	  scale	  doesn’t	  provide	  specific	  information	  to	  clinicians	  about	  the	  functioning	  of	  the	  foot	  intrinsic	  muscles,	  it	  is	  easy	  to	  use	  and	  allows	  for	  patients	  to	  be	  easily	  grouped	  based	  on	  objective	  measures	  so	  outcomes	  can	  be	  compared.	  
Challenges	  Although	  it	  has	  proven	  to	  be	  challenging	  to	  monitor	  and	  measure	  individual	  intrinsic	  muscle	  function,	  it	  is	  possible.	  	  However,	  it	  is	  much	  easier	  to	  measure	  the	  function	  of	  the	  intrinsic	  muscles	  as	  a	  group.28	  Further,	  it	  should	  be	  noted	  that	  there	  is	  currently	  no	  gold	  standard	  to	  assess	  intrinsic	  muscle	  function.10,25	  More	  research	  is	  needed	  to	  correlate	  a	  comprehensive	  intrinsic	  muscle	  function	  test	  battery	  using	  both	  direct	  and	  indirect	  measures25	  with	  functional	  movements.	  	  	  
Training of the Foot Core TRAINING	  THE	  FOOT	  CORE	  Due	  to	  the	  high	  prevalence	  of	  foot	  injuries,	  and	  the	  fact	  that	  many	  injuries	  result	  from	  improper	  biomechanics,	  developing	  interventions	  that	  improve	  intrinsic	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function	  and	  decrease	  the	  risk	  of	  sustaining	  an	  injury	  is	  critical.	  Orthotics	  have	  been	  proposed	  to	  improve	  foot	  biomechanics	  and	  provide	  support	  to	  the	  MLA.	  	  However,	  patients	  experiences	  mixed	  results.	  Evidence	  shows	  that	  training	  the	  foot	  core	  and	  intrinsic	  musculature	  of	  the	  foot	  can	  increase	  its	  stability,	  much	  like	  fatiguing	  the	  foot	  intrinsic	  muscles	  can	  lead	  to	  a	  reduction	  in	  their	  functioning.2	  This	  coupled	  with	  the	  discovery	  of	  a	  continued	  reduction	  in	  navicular	  drop	  after	  a	  training	  program	  allows	  researchers	  and	  clinicians	  to	  see	  both	  gains	  in	  stability,	  limits	  in	  foot	  deformation,	  and	  symptom	  reduction.2	  While	  most	  foot	  strengthening	  exercises	  activate	  both	  extrinsic	  and	  intrinsic	  muscles,	  it	  is	  important	  to	  determine	  exercises	  that	  specifically	  target	  the	  intrinsic	  muscles	  primarily	  responsible	  for	  MLA	  support.	  	  SHORT	  FOOT	  EXERCISES	  
	   In	  order	  to	  better	  train	  the	  intrinsic	  muscles	  of	  the	  foot,	  the	  short	  foot	  exercise	  has	  been	  developed	  to	  specifically	  isolate	  the	  intrinsic	  foot	  muscles.3,10	  The	  short	  foot	  exercise	  is	  best	  described	  as	  a	  clinician	  asking	  a	  patient	  to	  “shorten”	  their	  foot.	  This	  task	  is	  completed	  by	  pulling	  the	  first	  MTP	  joint	  towards	  the	  calcaneus	  while	  elevating	  the	  medial	  longitudinal	  arch,	  using	  the	  intrinsic	  muscles	  to	  do	  so.10	  This	  act	  of	  raising	  the	  arch	  can	  also	  be	  referred	  to	  as	  “foot	  doming.”10	  This	  very	  small	  action	  comprises	  the	  short	  foot	  exercise,	  which	  clinically	  assists	  in	  emphasizing	  MTP	  and	  proximal	  interphalengeal	  joint	  (PIP)	  joint	  flexion	  during	  activity	  while	  working	  to	  limit	  distal	  interphalengeal	  joint	  (DIP)	  joint	  activity	  during	  those	  same	  activities,	  as	  well	  as	  stabilizing	  the	  foot.	  	  Foot	  training	  programs	  built	  around	  the	  short	  foot	  exercise	  may	  be	  simple	  in	  design,	  but	  have	  been	  found	  to	  have	  significant	  impacts	  on	  the	  navicular	  drop,	  arch	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height	  and	  stiffness,	  dynamic	  balance	  activities,	  and	  foot	  intrinsic	  function	  in	  an	  asymptomatic	  population.3	  Training	  of	  the	  foot	  core	  with	  short	  foot	  exercises	  has	  been	  shown	  to	  influence	  pieces	  of	  the	  common	  structural	  compensations	  and	  functional	  impairments	  that	  are	  commonly	  associated	  with	  these	  injuries	  through	  training	  and	  strengthening.3	  In	  fact,	  Hashimoto	  and	  colleagues	  found	  greater	  intrinsic	  muscle	  strength,	  arch	  structure,	  and	  dynamic	  foot	  performance	  in	  intrinsic	  foot	  muscles	  after	  training.28	  Studies	  demonstrate	  that	  when	  designing	  exercises	  to	  isolate	  the	  intrinsic	  muscles	  of	  the	  foot,	  flexion	  of	  the	  proximal	  interphalangeal	  and	  metatarsophalangeal	  joints	  should	  be	  targeted	  through	  their	  respective	  ranges	  of	  motion	  while	  limiting	  motion	  at	  the	  distal	  interphalangeal	  joint.12,23	  Much	  of	  the	  new	  evidence	  has	  determined	  that	  improving	  foot	  core	  musculature	  and	  subjecting	  the	  foot	  to	  a	  short	  foot	  exercise	  program	  leads	  to	  increases	  in	  foot	  functioning,	  namely	  increases	  in	  muscle	  strength	  and	  decreases	  in	  arch	  deformation.3,23,35	  In	  fact,	  Mulligan	  and	  Cook	  found	  that	  4	  weeks	  of	  training	  the	  foot	  core	  with	  short	  foot	  exercises	  in	  healthy	  individuals	  led	  to	  reduced	  arch	  collapse	  when	  assessed	  by	  navicular	  drop	  and	  arch	  height	  index,	  as	  well	  as	  when	  subjected	  to	  balance	  exercises.3	  Lynn,	  Padilla,	  and	  Tsang26	  found	  that	  4	  weeks	  of	  short	  foot	  exercises	  completed	  by	  healthy	  individuals	  lead	  to	  increased	  performance	  during	  dynamic	  balance	  testing	  in	  comparison	  to	  those	  who	  completed	  just	  towel	  scrunching.	  Lynn	  et	  al	  also	  suggest	  that	  isolated	  training	  of	  the	  intrinsic	  foot	  musculature	  using	  the	  short-­‐foot	  exercises	  could	  potentially	  be	  a	  more	  effective	  method	  to	  reinforce	  the	  MLA	  as	  opposed	  to	  the	  static	  restraint	  of	  an	  orthotic	  or	  focusing	  training	  on	  the	  larger	  global	  movers.26	  Applying	  EMG	  stimulation	  to	  the	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intrinsic	  musculature	  that	  supports	  the	  MLA	  has	  also	  been	  used	  to	  aid	  in	  muscle	  education	  and	  help	  to	  train	  for	  reduced	  arch	  deformation	  during	  gait.2	  For	  many	  who	  have	  suffered	  from	  long-­‐term	  chronic	  foot	  issues,	  the	  short	  foot	  exercise	  may	  very	  well	  be	  the	  key	  to	  resolution	  of	  their	  symptoms.	  Research	  has	  determined	  the	  missing	  link	  in	  treatment	  of	  overuse	  foot	  injuries	  lies	  in	  training	  the	  intrinsic	  foot	  core	  musculature	  and	  then	  allowing	  for	  complete	  integration	  of	  these	  newly	  trained	  muscles	  into	  the	  foot	  core.	  This	  allows	  for	  proper	  muscle	  function,	  support	  of	  the	  MLA,	  and	  stability	  of	  the	  foot	  to	  be	  restored.2	  Short	  foot	  exercises	  have	  been	  recommended	  for	  those	  with	  lower	  extremity	  overuse	  conditions	  in	  order	  to	  restore	  functional	  foot	  control.2	  Similarly,	  in	  patients	  with	  pes	  planus	  an	  8	  week	  intrinsic	  muscle	  training	  program	  combined	  with	  the	  use	  of	  orthotics	  increased	  the	  cross	  sectional	  area	  of	  multiple	  intrinsic	  muscles,	  insinuating	  that	  larger	  muscles	  will	  provide	  greater	  support	  and	  strength.2,34	  Recent	  claims	  about	  the	  short	  foot	  exercise	  state	  that	  it	  may	  recruit	  the	  intrinsic	  foot	  musculature	  independently	  of	  extrinsic	  foot	  musculature,	  causing	  it	  to	  gain	  popularity	  among	  clinicians.26,36	  	  BALANCE	  AND	  POSTURAL	  CONTROL	  Many	  studies	  centered	  around	  the	  idea	  that	  intrinsic	  muscles	  are	  important	  to	  balance,	  seek	  to	  measure	  foot	  motion	  during	  different	  balance	  trials	  under	  differing	  conditions.	  One	  study	  used	  a	  single	  retroreflective	  marker	  placed	  on	  top	  of	  the	  participant’s	  moving	  foot	  during	  the	  dynamic-­‐balance	  task	  known	  as	  the	  Y	  balance	  test	  (a	  portion	  of	  the	  star	  excursion	  balance	  test)	  in	  order	  to	  identify	  accessory	  motion	  of	  the	  foot,	  and	  therefore	  identify	  instability.26,37	  Others	  measure	  
	   27	  
navicular	  height	  during	  balance	  tasks,	  both	  before	  and	  after	  foot	  core	  training,	  but	  the	  results	  of	  the	  static-­‐balance	  test	  and	  navicular-­‐height	  were	  not	  affected	  by	  training	  of	  the	  intrinsic	  foot	  musculature	  in	  one	  study.26	  These	  results	  link	  the	  impact	  of	  the	  foot	  intrinsic	  musculature	  on	  balance	  and	  postural	  control.	  Still	  others	  investigating	  the	  link	  used	  testing	  that	  found	  that	  short	  foot	  exercises	  were	  found	  to	  more	  successfully	  isolate	  the	  intrinsic	  foot	  musculature,	  however	  various	  other	  foot	  exercises	  used	  involve	  contributions	  from	  the	  extrinsic	  muscles	  in	  the	  area.26	  The	  studies	  concluded	  that	  balance	  was	  improved	  due	  to	  stabilization	  of	  the	  foot.	  Intrinsic	  muscles	  may	  be	  small,	  but	  due	  to	  synchronous	  activation	  they	  are	  an	  essential	  response	  to	  balance	  maintenance.	  While	  no	  direct	  link	  to	  balance	  has	  been	  created,	  looking	  at	  the	  big	  picture,	  it	  is	  clear	  that	  the	  intrinsic	  musculature	  plays	  a	  role	  in	  balance	  and	  postural	  control	  thanks	  to	  its	  role	  in	  stabilizing	  the	  MLA	  and	  therefore	  the	  foot	  as	  a	  whole.	  Whether	  this	  role	  extends	  beyond	  balance	  and	  postural	  control,	  more	  research	  is	  needed.	  	  IMPACT	  OF	  TRAINING	  ON	  INJURY	  Since	  the	  intrinsic	  foot	  musculature	  is	  integral	  to	  the	  integrity	  of	  the	  MLA,	  it	  has	  been	  hypothesized	  that	  adequate	  strength,	  endurance,	  and	  neuromuscular	  control	  of	  this	  musculature	  is	  critical	  to	  the	  support	  of	  the	  MLA.	  Similarly,	  dysfunction	  of	  these	  muscles	  could	  potentially	  predispose	  individuals	  to	  pronation	  related	  injuries.26	  Therefore,	  training	  is	  thought	  to	  be	  critical	  in	  order	  to	  reduce	  injury	  by	  retraining	  the	  intrinsic	  foot	  musculature	  in	  order	  to	  increase	  its	  endurance	  and	  allow	  patients	  to	  better	  withstand,	  tolerate,	  and	  adapt	  to	  the	  stresses	  placed	  on	  them.23	  With	  the	  development	  of	  the	  short	  foot	  exercise,	  training	  programs	  for	  the	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intrinsic	  musculature	  could	  aid	  in	  reducing	  the	  amount	  of	  injuries	  that	  occur	  and	  can	  improve	  rehabilitation	  techniques	  following	  injury	  but	  no	  research	  has	  yet	  to	  confirm	  this	  hypothesis.	  Training	  must	  move	  from	  local,	  simply	  intrinsic	  muscles	  to	  larger	  patterns	  that	  include	  both	  local	  and	  global	  muscles.2	  While	  the	  results	  of	  various	  training	  plans	  differ,	  even	  just	  a	  few	  exercises	  when	  specifically	  targeted,	  can	  have	  large	  impacts	  on	  the	  foot	  core.	  Regardless	  of	  what	  is	  trying	  to	  be	  achieved,	  training	  has	  been	  found	  to	  increase	  the	  functional	  variability	  of	  the	  foot	  and	  allow	  it	  to	  cope	  with	  increased	  demands	  and	  dynamic	  control	  of	  the	  foot.2	  Maintenance	  of	  proper	  foot	  posture	  has	  even	  been	  noted	  after	  various	  treatment	  and	  training	  sessions	  that	  involve	  electric	  stimulation	  specifically.38	  Similarly,	  in	  patients	  with	  chronic	  ankle	  instability,	  McKeon	  et	  al39	  found	  that	  balance	  training	  increased	  static	  and	  dynamic	  postural	  control,	  which	  leads	  us	  to	  believe	  the	  same	  training	  would	  have	  a	  positive	  effect	  on	  the	  foot	  core.	  Overall,	  evidence	  suggests	  training	  the	  foot	  core	  musculature	  can	  have	  a	  significant	  impact	  on	  overuse	  foot	  injuries	  that	  are	  related	  to	  poor	  and	  improper	  foot	  control.2,12,23,27,38,39	  	  	  
Screening for Injury Risk While	  research	  indicates	  that	  the	  foot	  core	  is	  important	  for	  proper	  foot	  function	  and	  the	  prevention	  of	  lower	  extremity	  injury,	  little	  information	  is	  available	  to	  support	  this	  hypothesis.	  	  While	  static	  assessments	  of	  foot	  posture	  and	  function	  are	  important	  to	  undertake,	  the	  connection	  of	  foot	  function	  to	  more	  functional	  movement	  patterns	  is	  also	  needed.	  	  Several	  functional	  movement	  tasks	  have	  been	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used	  to	  evaluated	  injury	  risk	  for	  lower	  limb	  and	  extremity	  injuries,	  but	  their	  relationship	  to	  intrinsic	  muscle	  function	  and	  running	  related	  injury	  risk	  has	  not	  been	  established.	  	  POSTURAL	  CONTROL	  AND	  BALANCE	  Movement	  quality	  is	  a	  biomechanical	  risk	  factor	  potentially	  leading	  to	  lower	  extremity	  injury.14	  This	  makes	  postural	  control	  and	  balance	  prime	  candidates	  to	  be	  risk	  factors	  and	  predictors	  of	  lower	  extremity	  injury.	  Because	  balance	  relies	  on	  a	  stable	  foot,	  we	  know	  that	  those	  with	  poor	  balance	  are	  working	  from	  an	  unstable	  base	  of	  support,	  potentially	  due	  to	  poor	  intrinsic	  foot	  musculature.	  Most	  of	  the	  research	  on	  this	  topic	  is	  directly	  related	  to	  ankle	  sprains,	  and	  research	  shows	  that	  single	  leg	  balance	  can	  be	  used	  to	  predict	  the	  risk	  of	  ankle	  injuries	  in	  athletes.40	  Because	  the	  intrinsic	  foot	  musculature	  is	  linked	  to	  postural	  control	  there	  may	  be	  a	  link	  between	  lower	  limb	  injury,	  poor	  postural	  control,	  and	  foot	  intrinsic	  musculature	  function.	  	  STAR	  EXCURSION	  BALANCE	  TEST	  One	  of	  the	  tests	  clinicians	  employ	  to	  monitor	  postural	  control	  and	  dynamic	  balance	  in	  comparison	  to	  the	  static	  balance	  outlined	  above,	  is	  the	  star	  excursion	  balance	  test	  (SEBT).	  	  The	  SEBT	  can	  also	  be	  used	  to	  predict	  injury	  within	  the	  lower	  extremity.	  This	  test	  uses	  an	  outcome	  measurement	  of	  distance	  reached.	  These	  measurements	  of	  how	  far	  a	  subject	  can	  reach	  with	  their	  contralateral	  foot	  while	  balancing	  on	  one	  foot	  can	  be	  compared	  and	  contrasted	  with	  previous	  and	  future	  measurements	  taken	  the	  same	  way,	  as	  well	  as	  between	  healthy	  and	  injured	  limbs.13	  This	  test	  has	  the	  potential	  to	  predict	  lower	  extremity	  injury	  in	  general.13	  Balance	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testing	  of	  athletes	  during	  preseason	  will	  help	  to	  identify	  those	  who	  may	  be	  at	  risk	  for	  suffering	  injury	  if	  interventions	  are	  not	  put	  in	  place.13	  Similarly,	  Plisky	  et	  al	  found	  that	  anterior	  reach	  differences	  of	  greater	  than	  4cm	  between	  limbs	  during	  the	  SEBT	  were	  2.5	  times	  more	  likely	  to	  sustain	  a	  lower	  extremity	  injury.	  Similarly,	  this	  same	  study	  noted	  that	  females	  who	  had	  a	  composite	  reach	  score	  <	  94%	  of	  their	  leg	  length	  were	  6.5	  times	  to	  sustain	  a	  lower	  extremity	  injury.13,37	  Participants	  improved	  in	  performance	  on	  the	  posteromedial	  and	  posterolateral	  directions	  of	  the	  Star	  Excursion	  Balance	  Test	  after	  isolated	  training,	  therefore	  creating	  an	  understanding	  that	  the	  SEBT	  and	  foot	  core	  function	  are	  related,	  in	  addition	  to	  its	  ability	  to	  function	  as	  an	  injury	  predictor,	  making	  it	  a	  good	  choice	  for	  testing	  in	  further	  research.3	  	  LANDING	  ERROR	  SCORING	  SYSTEM	  The	  landing	  error	  scoring	  system	  (LESS)	  measures	  abnormal	  biomechanics	  such	  as	  knee	  valgus	  and	  trunk	  flexion	  among	  other	  movements	  when	  landing,	  and	  are	  critical	  causative	  factors	  of	  injury.14	  The	  LESS	  is	  very	  feasible	  and	  has	  the	  ability	  to	  be	  performed	  in	  short	  amounts	  of	  time,	  making	  it	  ideal	  for	  use	  with	  team	  sports	  and	  mass	  screenings.14	  Padua	  et	  al	  found	  that	  the	  LESS	  score	  of	  youth	  soccer	  players	  has	  predictive	  value	  in	  identifying	  those	  who	  are	  at	  higher	  risk	  for	  ACL	  injuries14,	  however	  other	  studies	  have	  found	  the	  LESS	  not	  quite	  as	  effective	  in	  predicting	  injury,	  however	  the	  populations	  studied	  were	  different.41	  In	  this	  case,	  when	  using	  the	  LESS,	  a	  score	  of	  5	  or	  more	  indicates	  that	  a	  youth	  soccer	  player	  has	  a	  higher	  risk	  of	  an	  ACL	  injury	  than	  those	  who	  score	  less	  than	  5.14	  Findings	  of	  higher	  LESS	  scores	  may	  not	  be	  able	  to	  predict	  exactly	  which	  athletes	  will	  sustain	  an	  ACL	  injury,	  rather	  allows	  for	  separation	  athletes	  into	  high-­‐risk	  and	  low-­‐risk	  subgroups,	  identifying	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those	  who	  may	  be	  at	  higher	  risk	  for	  tearing	  than	  others.14	  While	  it	  has	  not	  been	  thoroughly	  researched	  in	  injuries	  other	  than	  the	  ACL,	  the	  LESS	  has	  the	  potential	  to	  aid	  in	  injury	  prediction	  of	  the	  lower	  limb	  in	  general.	  	  PREVIOUS	  INJURY	  Research	  also	  shows	  that	  having	  a	  previous	  injury	  can	  increase	  an	  individual’s	  risk	  of	  sustaining	  further	  injury.	  Findings	  show	  that	  those	  who	  have	  previously	  sustained	  ACL	  injuries	  were	  at	  higher	  risk	  for	  re-­‐tears.14	  Similarly,	  a	  history	  of	  previous	  ankle	  sprains	  has	  shown	  to	  increase	  the	  likelihood	  of	  future	  ankle	  sprains	  in	  all	  types	  of	  athletes.39	  More	  closely	  related,	  previous	  running	  related	  injuries	  have	  been	  linked	  to	  increased	  risk	  for	  sustaining	  another	  running	  related	  injury.15,42	  A	  systematic	  review	  conducted	  by	  van	  Gent	  et	  al42	  noted	  that	  the	  presence	  of	  previous	  injury	  had	  strong	  evidence	  as	  a	  risk	  factor	  for	  the	  development	  or	  running	  related	  injuries.	  It	  is	  believed	  that	  previous	  injury	  puts	  runners	  at	  a	  greater	  risk	  for	  either	  reinjuring	  a	  body	  part	  that	  has	  not	  completely	  healed,	  or	  developing	  an	  injury	  due	  to	  biomechanical	  compensation	  for	  an	  injury,	  thus	  driving	  up	  the	  risk	  for	  secondary	  injuries	  to	  occur.15,43,44	  Again,	  this	  is	  not	  directly	  linked	  to	  the	  foot,	  but	  it	  is	  important	  to	  realize	  that	  those	  with	  previous	  injuries	  are	  much	  more	  susceptible	  to	  sustain	  future	  injuries,	  therefore	  it	  is	  important	  to	  determine	  how	  intrinsic	  muscle	  function	  differs	  between	  those	  with	  a	  history	  of	  lower	  limb	  injury	  and	  those	  that	  do	  not	  have	  a	  lower	  limb	  injury	  history.	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Conclusion The	  MLA	  is	  supported	  by	  plantar	  muscles	  and	  in	  turn	  the	  MLA	  provides	  posture	  and	  support	  to	  the	  foot.	  	  It	  is	  likely	  that	  the	  intrinsic	  plantar	  muscles	  are	  critical	  to	  controlling	  foot	  posture	  and	  therefore	  limiting	  injury.35	  Likewise,	  postural	  control	  and	  balance	  abilities	  have	  been	  associated	  with	  a	  history	  of	  an	  ankle	  sprain.	  Since	  the	  foot	  core	  plays	  a	  role	  in	  both	  balance	  and	  postural	  control,	  we	  could	  assume	  that	  it	  is	  therefore	  related	  to	  risk	  of	  ankle	  sprains,	  and	  other	  various	  lower	  extremity	  injuries.35	  Based	  on	  prior	  research	  is	  it	  also	  clear	  that	  poor	  movement	  patterns	  are	  risk	  factors	  for	  lower	  limb	  injury	  but	  a	  connection	  between	  intrinsic	  foot	  function	  and	  movement	  patterns	  have	  not	  been	  established.	  Thus,	  there	  appears	  to	  be	  an	  indirect	  link	  between	  poor	  intrinsic	  muscle	  function	  and	  shin	  pain	  and	  lower	  leg	  injury	  risk	  but	  no	  direct	  evidence	  is	  yet	  available,	  which	  is	  surprising	  given	  the	  important	  role	  that	  these	  muscles	  have	  in	  providing	  a	  strong	  base	  of	  support	  for	  the	  lower	  limb,	  and	  lower	  extremity	  in	  general.	  Future	  research	  needs	  to	  establish	  the	  relationship	  between	  measures	  of	  intrinsic	  muscle	  function,	  movement	  patterns,	  and	  history	  of	  shin	  pain	  and	  lower	  leg	  injury.	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CHAPTER 3 
 
Research Design 
 A	  case	  control	  study	  that	  compared	  previous	  history	  of	  exercise	  related	  leg	  pain	  and	  injury	  (within	  the	  last	  three	  years),	  and	  ability	  of	  the	  foot	  core	  was	  completed	  in	  those	  who	  participate	  in	  a	  high	  volume	  of	  running.	  The	  study	  involved	  taking	  various	  one-­‐time	  measurements	  of	  the	  intrinsic	  foot	  musculature,	  such	  as	  the	  strength,	  size,	  and	  ability	  to	  contract	  the	  foot	  core,	  and	  compared	  findings	  between	  those	  with	  and	  without	  previous	  shin	  pain	  and	  injury.	  Differences	  in	  the	  two	  populations	  were	  noted.	  	  	  	  
Subjects  Thirty-­‐two	  subjects	  were	  asked	  to	  voluntarily	  participate	  in	  this	  study.	  Inclusion	  criteria	  for	  this	  study	  included	  injured	  subject:	  being	  between	  18	  and	  45	  years	  of	  age,	  free	  from	  head	  injuries	  and	  symptomatic	  lower	  leg	  injuries,	  and	  an	  active	  runner.	  An	  active	  runner	  was	  defined	  as	  running	  at	  five	  to	  ten	  miles	  or	  more	  per	  week,	  and	  having	  done	  so	  consistently	  for	  four	  weeks	  or	  more.	  Subjects	  who	  were	  considered	  healthy	  controls	  were	  between	  the	  ages	  of	  18-­‐45	  and	  active	  runners.	  Subjects	  were	  excluded	  from	  the	  study	  if	  they	  had	  existing	  lower	  extremity	  injuries	  that	  were	  symptomatic	  at	  the	  time	  of	  testing	  or	  if	  they	  had	  been	  previously	  diagnosed	  with	  a	  non-­‐musculoskeletal	  condition	  that	  affects	  their	  neuromuscular	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control	  and	  balance.	  Prior	  to	  participation	  in	  the	  study,	  all	  subjects	  were	  asked	  to	  read	  an	  overview	  of	  the	  study	  and	  sign	  an	  informed	  consent	  form,	  approved	  by	  the	  university	  Institutional	  Review	  Board	  (IRB)	  (Appendix	  A).	  	  	  
Instrumentation 
Questionnaires	  
	   All	  subjects	  were	  asked	  to	  complete	  a	  questionnaire,	  providing	  some	  demographic	  information,	  information	  on	  their	  running	  activity,	  and	  injury	  history	  (Appendix	  A).	  Specific	  questionnaires	  included,	  in	  addition	  to	  general	  questions,	  were	  the	  FAAM-­‐S	  (Foot	  and	  Ankle	  Ability	  Measure	  –Sport)	  and	  a	  Running	  History	  Questionnaire.	  The	  demographic	  information	  questions	  and	  injury	  history	  questions	  were	  developed	  by	  the	  researcher,	  while	  the	  Running	  History	  Questionnaire	  comes	  from	  Grove	  Spine	  and	  Sports	  Care,	  and	  has	  not	  been	  researched	  or	  validated.	  It	  contains	  information	  on	  running	  patterns	  and	  mileage	  (Appendix	  B).	  	  The	  FAAM-­‐S	  is	  a	  patient	  reported	  measure	  that	  includes	  8	  activity	  related	  items.	  The	  FAAM-­‐S	  is	  scored	  such	  that	  0	  points	  is	  the	  fewest	  one	  can	  obtain,	  meaning	  they	  have	  no	  issues.	  The	  highest	  score	  for	  the	  Sports	  subscale	  is	  32	  points.45	  Further,	  the	  FAAM	  is	  considered	  to	  be	  a	  reliable,	  responsive,	  and	  valid	  measure	  of	  physical	  function	  for	  individuals	  with	  issues	  pertaining	  to	  the	  lower	  leg,	  foot,	  and	  ankle.46	  Previous	  studies	  demonstrate	  strong	  test-­‐retest	  reliability	  for	  the	  FAAM	  (Sports	  subscale	  ICC	  =	  0.87).46	  Qualtrics	  software	  (Qualtrics	  Labs,	  Provo,	  UT)	  was	  used	  distribute	  and	  collect	  the	  responses	  to	  the	  surveys.	  These	  results	  were	  used	  to	  determine	  eligibility	  in	  the	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study	  as	  well	  as	  to	  collect	  demographic	  information	  on	  subjects	  who	  were	  eligible	  for	  participation.	  	  	  
Strength	  -­‐	  Hand	  Held	  Dynamometer	  
	   The	  Lafayette	  Manual	  Muscle	  Tester,	  a	  hand-­‐held	  dynamometer	  (Model	  01163;	  Lafayette	  Instrument	  Company,	  Lafayette,	  IN)	  was	  used	  to	  collect	  quantitative	  measurements	  of	  intrinsic	  foot	  muscle	  strength.	  The	  strength	  of	  the	  flexor	  hallucis	  was	  measured	  using	  a	  15mm	  diameter	  circular	  pad.	  The	  strength	  of	  the	  flexor	  digitorum	  was	  measured	  with	  a	  larger	  45mm	  diameter	  circular	  pad.	  The	  dynamometer	  itself	  was	  placed	  in	  cutout	  area	  of	  a	  small	  box,	  positioned	  so	  that	  the	  surface	  of	  the	  pads	  were	  flush	  with	  the	  surface	  of	  the	  area	  the	  foot	  was	  placed	  on,	  in	  order	  to	  isolate	  contractions.	  	  	  
Diagnostic	  Ultrasound	  	  
	   Ultrasound	  images	  of	  various	  intrinsic	  foot	  muscles	  were	  captured	  with	  a	  portable	  brightness	  mode	  (B-­‐mode)	  LOGIQ	  e5	  ultrasound	  machine	  (General	  Electric	  Company,	  Milwaukee,	  WI)	  and	  a	  multi-­‐frequency	  linear-­‐array	  probe	  (12L-­‐RS;	  5-­‐13	  MHz;	  38.4	  mm	  field-­‐of-­‐view)	  (General	  Electric	  Company,	  Milwaukee,	  WI).	  Image	  J	  software	  (National	  Institutes	  of	  Health,	  Bethesda,	  MD)	  was	  then	  used	  to	  establish	  the	  cross	  sectional	  area	  of	  various	  intrinsic	  foot	  muscles,	  and	  further	  used	  to	  measure	  the	  change	  in	  length	  of	  each	  muscle	  during	  contraction.	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PhysiMax	  Motion	  Analysis	  System	  
	   A	  depth	  camera	  was	  used	  to	  capture	  and	  score	  the	  results	  of	  LESS	  testing	  of	  subjects.	  More	  specifically,	  a	  single	  Microsoft	  Kinect	  camera	  was	  used	  to	  capture	  the	  trials	  from	  a	  frontal	  view.	  The	  Microsoft	  Kinect	  sensor	  version	  1	  (Microsoft	  Corporation,	  Redmond,	  WA)	  was	  controlled	  by	  a	  standard	  laptop	  computer	  and	  collects	  images	  at	  a	  frame	  rate	  of	  30	  frames	  per	  second.	  The	  camera	  was	  set	  up	  11	  feet	  directly	  in	  front	  of	  the	  box	  subjects	  jumped	  from,	  0.84	  meters	  off	  the	  ground,	  and	  at	  a	  tilt	  angle	  of	  0	  degrees.	  The	  results	  were	  then	  analyzed	  using	  the	  PhysiMax	  motion	  assessment	  system	  (PhysiMax	  Technologies	  Ltd.,	  Tel	  Aviv,	  Israel).	  	  Previous	  studies	  demonstrate	  that	  the	  Kinect	  markerless	  based	  motion	  capture	  system	  may	  be	  sensitive	  enough	  to	  detect	  clinically	  relevant	  differences	  in	  joint	  motion.47	  In	  one	  study	  joint	  angles	  that	  were	  measured	  with	  the	  Kinect	  system	  (markerless	  motion	  capture)	  agreed	  with	  angles	  measured	  by	  an	  inclinometer,	  and	  were	  found	  to	  be	  within	  2	  degrees.47	  Similarly,	  Microsoft	  Kinect	  was	  able	  to	  capture	  motion	  data	  both	  accurately	  (within	  2	  degrees)	  and	  reliably	  (within	  1.1	  degree)	  when	  compared	  to	  calculated	  joint	  angles	  in	  an	  experimental	  jig.47	  Another study 
reports that the automated scoring system has “significant,	  moderate	  reliability”	  with	  a	  PABAK	  (prevalence	  and	  bias	  adjusted	  kappa)	  statistic	  of	  (κavg=0.48±0.40)	  when	  compared	  to	  a	  consensus	  of	  expert	  LESS	  raters.48	  	  
Postural	  Control	  -­‐	  Force	  Plate	  	   Postural	  control	  data	  was	  collected	  using	  an	  instrumented	  force	  plate	  (AMTI,	  Watertown,	  MA)	  and	  Balance	  Clinic	  software	  (AMTI,	  Watertown,	  MA)	  was	  used	  to	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collect	  static	  postural	  control	  data.	  Data	  was	  collected	  for	  both	  feet	  of	  each	  subject.	  Center	  of	  pressure	  data	  was	  collected	  during	  10	  second	  trials	  at	  50Hz.	  	  
 
Measurements and Procedures 
 Each	  subject	  will	  report	  once	  to	  the	  Sports	  Medicine	  Research	  Laboratory	  on	  the	  UNC	  campus.	  Prior	  to	  reporting,	  each	  subject	  will	  receive	  via	  email	  and	  complete	  the	  demographics,	  injury	  history,	  and	  activity	  questionnaire,	  which	  will	  serve	  in	  determining	  eligibility.	  Each	  subject	  will	  then	  complete	  a	  consent	  form	  and	  a	  testing	  circuit	  as	  outlined	  below. 
Arch	  Height	  and	  Navicular	  Drop	  
	   Each	  subject	  will	  begin	  by	  having	  their	  navicular	  drop	  in	  both	  feet	  measured.	  To	  determine	  navicular	  drop,	  a	  protocol	  outlined	  by	  Brody,	  was	  used.29	  Subjects	  were	  asked	  to	  sit,	  at	  which	  point	  subtalar	  neutral	  was	  found	  by	  the	  examiner	  by	  placing	  his	  or	  her	  thumb	  on	  one	  side	  of	  the	  tibiotalar	  joint	  and	  their	  index	  finger	  on	  the	  other	  side.	  One	  finger	  should	  be	  located	  over	  the	  sinus	  tarsi	  and	  the	  other	  over	  the	  anteromedial	  portion	  of	  the	  talar	  dome.12	  From	  here	  the	  ankle	  joint	  is	  inverted	  and	  everted	  passively	  by	  the	  examiner	  until	  equal	  depressions	  are	  felt	  under	  each	  finger.	  This	  position	  is	  determined	  subtalar	  neutral.	  At	  this	  point	  an	  index	  card	  is	  held	  next	  to	  the	  navicular	  tubercle,	  and	  marked	  at	  the	  level	  of	  the	  navicular	  tubercle.	  This	  measurement	  is	  known	  as	  the	  navicular	  height	  in	  neutral	  (NHN).	  The	  subject	  is	  then	  asked	  to	  relax	  and	  stand	  up,	  at	  which	  point	  the	  index	  card	  is	  marked	  again	  at	  the	  location	  of	  the	  navicular	  tubercle.	  This	  measurement	  is	  known	  as	  the	  navicular	  height	  standing	  (NHS).	  The	  difference	  in	  the	  two	  marks	  is	  calculated	  (NHN-­‐NHS),	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with	  the	  result	  being	  the	  navicular	  drop	  (ND)	  for	  that	  foot.	  These	  steps	  are	  repeated	  for	  the	  other	  foot.	  Headlee	  et	  al12	  demonstrated strong intra-rater reliability (ICC2,1 
= 0.95) and a precision of measurement (SEM = 0.73 mm) with this technique. This	  measurement	  allows	  us	  to	  understand	  the	  amount	  of	  pronation	  experienced	  by	  the	  subject.29	  Similarly,	  a difference in navicular drop between feet will be 
calculated as bilateral differences have been noted in those who have a prior 
history of foot injury.23  
Short	  Foot	  Contractions	  
	   All	  subjects	  were	  taught	  to	  complete	  a	  short	  foot	  exercise,	  as	  outlined	  by	  McKeon	  et	  al.10	  Subjects	  were	  positioned	  seated	  on	  a	  box	  with	  their	  foot	  flat	  on	  the	  ground	  surface	  below	  them.	  Their	  knee	  was	  positioned	  at	  90	  degrees	  and	  their	  ankle	  was	  set	  into	  subtalar	  neutral.	  Subjects	  were	  then	  each	  instructed	  to	  shorten	  their	  foot	  by	  pulling	  their	  toes	  toward	  their	  heel	  and	  raising	  their	  arch.	  Subjects	  were	  reminded	  to	  do	  so	  without	  significant	  motion	  within	  their	  toes	  and	  to	  do	  their	  best	  to	  not	  allow	  their	  extrinsic	  muscles	  to	  activate.	  Once	  taught,	  subjects	  completed	  three	  practice	  trials	  prior	  to	  three	  graded	  trials.	  These	  graded	  trials	  were	  scored	  on	  a	  scale	  of	  satisfactory,	  fair,	  and	  poor,	  as	  outlined	  by	  Jam	  et	  al.23	  This	  was	  judged	  and	  scored	  based	  on	  visible	  and	  palpable	  contractions.	  These	  three	  scored	  trials	  were	  also	  video	  recorded	  for	  scoring	  later,	  in	  order	  to	  complete	  reliability	  testing.	  	  
Ultrasound	  	   Subjects	  were	  asked	  to	  stand	  on	  a	  platform	  with	  a	  small	  cutout	  out	  area	  while	  ultrasound	  images	  of	  the	  abductor	  hallucis	  (AH),	  flexor	  digitorum	  brevis	  (FDB),	  and	  flexor	  hallucis	  brevis	  (FHB)	  were	  collected	  using	  an	  ultrasound	  probe,	  as	  described	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by	  Anigin.24	  Both	  cross	  sectional	  images	  and	  thickness	  images	  were	  collected.	  Three	  images	  of	  the	  cross	  sectional	  area	  of	  the	  abductor	  hallucis,	  flexor	  hallucis,	  and	  flexor	  digitorum	  of	  each	  foot	  were	  taken	  with	  the	  subject	  standing	  on	  a	  platform.	  Next	  three	  thickness	  images	  of	  the	  same	  three	  muscles	  were	  taken	  for	  each	  foot.	  Subjects	  were	  then	  asked	  to	  complete	  a	  short	  foot	  contraction	  using	  the	  same	  cuing	  previously	  given,	  and	  images	  of	  muscle	  thickness	  of	  the	  flexor	  hallucis	  and	  flexor	  digitorum	  were	  again	  captured.	  Image	  J	  software	  (National	  Institutes	  of	  Health,	  Bethesda,	  MD)	  was	  then	  use	  to	  calculate	  the	  cross	  sectional	  area	  of	  the	  muscles	  at	  rest,	  as	  well	  as	  the	  thickness	  of	  the	  muscle	  at	  rest	  and	  during	  a	  contraction.	  Using	  these	  measurements	  the	  difference	  in	  muscle	  thickness	  between	  relaxed	  and	  contracted	  states	  was	  calculated.	  Previous	  studies	  using	  this	  same	  technique	  report	  ICC	  3,1	  >	  0.8	  and	  ICC	  >	  0.9.49  
Figure	  3-­‐1.	  Subject	  Standing	  on	  Ultrasound	  Box	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  Figure	  3-­‐2.	  Ultrasound	  Box	  	  All	  measurements	  were	  taken	  by	  setting	  the	  scale	  using	  the	  scale	  markings	  on	  the	  side	  of	  the	  image	  (107	  pixels	  =	  1cm).	  Use	  of	  the	  straight	  line	  and	  free	  form	  tools,	  as	  well	  as	  the	  measure	  function	  were	  then	  used	  to	  calculate	  measurements	  for	  the	  various	  images.	  For	  cross	  sectional	  area	  images,	  the	  fascia	  border	  of	  the	  muscle	  was	  traced	  all	  the	  way	  around.	  For	  thickness	  images	  (in	  both	  the	  contracted	  and	  relaxed	  states)	  a	  straight	  line	  was	  drawn	  from	  superior	  to	  inferior	  fascia.	   
Strength	  (Dynamometry)	  
	   Subjects	  will	  be	  asked	  to	  place	  their	  foot	  on	  the	  edge	  of	  a	  platform	  over	  the	  edge	  of	  which	  their	  toes	  will	  extend	  in	  order	  to	  eliminate	  motion	  of	  the	  ankle	  and	  to	  isolate	  the	  intrinsic	  musculature.	  To	  assess	  the	  strength	  of	  the	  flexor	  hallucis	  muscle,	  the	  subject	  will	  flex	  their	  MTP	  joint	  of	  their	  great	  toe	  over	  a	  hand	  held	  dynamometer	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for	  three	  seconds.	  The	  highest	  force	  produced	  over	  those	  three	  seconds	  was	  recorded.	  Subjects	  will	  complete	  this	  task	  three	  times	  and	  a	  mean	  of	  max	  value	  recorded	  by	  the	  dynamometer	  over	  the	  three,	  three	  second	  trials	  will	  be	  calculated.	  This	  same	  procedure	  will	  be	  used	  to	  test	  the	  strength	  of	  the	  flexor	  digitorum	  (digits	  2-­‐5)	  against	  the	  dynamometer.	  
	  Figure	  3-­‐3.	  Toe	  Dynamometer	  Set	  Up	  	  	  
	  Figure	  3-­‐4.	  Subject	  Testing	  Toe	  Strength	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Toe dynamometry has consistently demonstrated ICC values > 0.83.25 
However, inter-rater reliability has only been reported with hand-held 
dynamometry, which has shown values of ICC ranging from 0.82 - 0.88.25 
Because flexion at the MTP joint is one of the most likely actions of the intrinsic 
foot muscles, hand-held dynamometry serves well to activate such intrinsic 
muscles, and has been found to do so more effectively than other types of toe 
dynamometry. This is due to the fact that it limits flexion at the interphalangeal 
joints, and isolates the motion at the MTP joints.25 
Contraction	  Ability	  
	   Qualitative	  measures	  of	  each	  subject’s	  foot	  contractions	  will	  be	  completed	  and	  video	  recorded	  for	  further	  analysis	  at	  a	  later	  time.	  Subjects	  will	  be	  asked	  to	  stand	  on	  both	  feet,	  situated	  shoulder	  width	  apart	  and	  approximately	  two	  feet	  in	  front	  of	  a	  wall.23	  Subjects	  are	  allowed	  to	  keep	  their	  fingertips	  on	  the	  wall	  for	  balance	  if	  needed	  but	  should	  not	  accept	  weight	  with	  their	  fingers.	  Subjects	  will	  then	  be	  placed	  in	  subtalar	  neutral	  by	  asking	  them	  to	  raise	  their	  toes	  followed	  by	  relaxing	  their	  foot.	  Next	  the	  clinician	  will	  palpate	  the	  sinus	  tarsi	  and	  anteriomedial	  portion	  of	  the	  talar	  dome	  while	  the	  patient	  inverts	  and	  everts	  their	  foot	  until	  the	  depressions	  under	  the	  clinician’s	  fingers	  are	  equal.23	  Once	  subtalar	  neutral	  is	  found	  in	  a	  standing	  position,	  the	  subject	  will	  lift	  non-­‐test	  foot	  off	  the	  ground	  and	  balance	  for	  30	  seconds.	  Subjects	  are	  asked	  to	  look	  directly	  in	  front	  of	  them	  with	  their	  eyes	  open	  for	  the	  duration	  of	  the	  trial.	  During	  these	  30	  seconds,	  the	  clinician	  will	  watch	  for	  motion	  in	  the	  height	  of	  the	  navicular	  tubercle	  and	  activity	  of	  the	  extrinsic	  muscles	  of	  the	  foot	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and	  ankle.	  Each	  subject	  will	  complete	  three	  trials	  on	  each	  foot,	  and	  each	  trial	  will	  be	  scored	  immediately	  and	  videotaped	  for	  further	  analysis.	  	  Scoring	  for	  this	  test	  was	  outlined	  by	  Jam	  et	  al.23	  The	  scoring	  scale	  includes	  satisfactory,	  fair,	  and	  poor,	  and	  are	  defined	  as	  related	  to	  control	  of	  the	  intrinsic	  muscle	  contractions.	  In order to be classified as ‘satisfactory’, their must be limited 
to no motion of the neutral navicular tubercle (it must maintain the same height) 
and very little, if any activity of the extrinsic muscles must be observed during the 
30-second test. A scoring of fair intrinsic foot musculature control is given if there 
is motion of the neutral navicular tubercle (mild changes in height) and moderate 
activity of the extrinsic foot muscles are observed off and on during the 30 
seconds. The IFM are given a score of ‘poor’, if the patient is unable to maintain 
the neutral navicular tubercle height at all and/or if extreme activity of the 
extrinsic foot muscles are consistently observed during most of the test.23 For this 
study, the number of times the extrinsic musculature activated was also counted. 
This added a quantitative assessment of contraction ability, noting how often the 
extrinsic musculature had to take over and aid in stabilizing the foot.  
Postural	  Control	  Postural	  control	  has	  been	  used	  a	  predictor	  of	  lower	  extremity	  injury	  in	  numerous	  cases.26,37	  In	  order	  to	  obtain	  measurements	  of	  postural	  control,	  subjects	  were	  asked	  to	  stand	  on	  the	  instrumented	  force	  plate	  (AMTI,	  Watertown,	  MA)	  in	  single	  leg	  stance	  with	  their	  hands	  placed	  on	  their	  hips.	  Three	  ten	  second	  trials	  on	  each	  leg	  were	  completed	  with	  the	  subject	  standing	  with	  eyes	  open	  and	  eyes	  closed.	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Based	  on	  the	  study	  of	  McKeon	  et	  al.,	  a	  failed	  trial	  occurs	  if a subject touched down 
with the non-stance limb or was unable to maintain standing posture during the 
complete 10 seconds.39 If a failed trial occurs, the trial is simply repeated. 
	   	   	  	  	  	  	  	  	  	  	  	  	  Figure	  3-­‐5.	  Static	  Balance	  Task 	  Following	  data	  collection	  for	  each	  subject,	  center	  of	  pressure	  data	  was	  exported	  and	  evaluated	  to	  look	  for	  total	  center	  of	  pressure	  (COP)	  sway	  path	  and	  time	  to	  boundary	  (TTB).	  	  COP	  sway	  path	  is	  measured	  by	  the	  Balance	  Clinic	  software	  (AMTI,	  Watertown,	  MA),	  which	  tracks	  the	  distance	  the	  COP	  moves	  throughout	  the	  trial.	  The	  COP	  sway	  path	  was	  measured	  in	  inches.	  Path	  velocity	  was	  also	  calculated,	  and	  can	  be	  calculated	  by	  the	  total	  length	  of	  the	  COP	  sway	  path	  divided	  by	  the	  test	  trial	  time.	  50	  	  Reliability	  of	  the	  total	  COP	  sway	  path	  has	  been	  demonstrated	  to	  be	  ICC2,2	  =	  0.75,	  and	  reliability	  for	  the	  average	  COP	  velocity	  has	  been	  demonstrated	  to	  be	  ICC2,2	  =	  0.75	  	  in	  healthy	  participants	  during	  single	  leg	  balance	  trials.50	  Time	  to	  boundary	  measures	  are	  an	  estimate	  of	  the	  time	  required	  for	  the	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center	  of	  pressure	  to	  reach	  the	  edge	  of	  the	  base	  of	  support.51	  It	  is	  assumed	  that	  the	  COP	  is	  moving	  on	  and	  at	  an	  instantaneous	  trajectory	  and	  velocity.	  When	  using	  TTB	  measurements,	  a	  lower	  measure	  indicates	  greater	  postural	  instability,	  while	  a	  greater	  measure	  indicates	  less	  postural	  stability.	  The	  TTB	  is	  measured	  by	  calculating	  the	  distance	  between	  the	  COP	  for	  either	  the	  medial/lateral	  direction	  or	  the	  anterior/posterior	  direction,	  	  and	  the	  border	  of	  the	  foot	  the	  COP	  is	  moving	  towards.	  The	  distance	  between	  the	  COP	  and	  the	  border	  of	  the	  foot	  is	  then	  divided	  by	  the	  instantaneous	  velocity	  of	  COP	  for	  the	  given	  direction.	  This	  allows	  the	  time	  it	  would	  take	  the	  COP	  to	  reach	  the	  border	  of	  the	  foot	  to	  be	  calculated,	  given	  that	  the	  COP	  continues	  moving	  in	  the	  same	  direction	  at	  the	  same	  velocity.51	  Hertel	  et	  al	  in	  2006	  found	  that	  using	  TTB	  measures	  is	  just	  as	  reliable	  as	  using	  various	  other	  COP	  measures,	  with	  an	  ICC2,1	  ranging	  from	  .34–.81	  and	  .50–.87.51	  	  
Star	  Excursion	  Balance	  Test	  	   For	  this	  study,	  three	  directions	  of	  the	  star	  excursion	  balance	  test	  will	  be	  used	  and	  scored	  based	  on	  how	  far	  the	  participant	  can	  reach	  relative	  to	  their	  leg	  length.	  	  The	  further	  the	  reach	  the	  greater	  postural	  control.	  Each	  subject	  will	  complete	  the	  anterior,	  posteromedial	  and	  posterolateral	  reaches	  of	  the	  SEBT	  on	  each	  leg.	  They	  will	  complete	  three	  trials	  in	  each	  direction.	  The	  protocol	  followed	  for	  this	  test	  will	  be	  the	  one	  outlined	  by	  Gribble	  et	  al	  in	  201213	  and	  will	  be	  normalized	  to	  leg	  length.	  The	  test	  is	  conducted	  with	  the	  subject	  beginning	  in	  bilateral	  stance	  in	  the	  center	  of	  the	  star.	  From	  here	  the	  subject	  uses	  one	  foot	  to	  reach	  out	  as	  far	  as	  they	  can	  in	  each	  direction	  along	  a	  tape	  measure	  with	  their	  great	  toe.	  The	  foot	  used	  to	  move	  is	  referred	  to	  as	  the	  reaching	  foot.	  The	  subject	  is	  not	  allowed	  to	  shift	  his	  or	  her	  weight,	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or	  rest	  on	  the	  reaching	  limb,	  nor	  is	  their	  stance	  heel	  allowed	  to	  come	  off	  the	  ground.	  Once	  the	  subject	  has	  reached	  as	  far	  as	  possible	  and	  tapped	  the	  tape	  measure	  with	  their	  great	  toe,	  they	  return	  to	  bilateral	  stance	  in	  the	  middle	  of	  the	  star.	  The	  subject	  repeats	  these	  motions	  until	  they	  have	  completed	  all	  trials	  in	  all	  directions	  on	  both	  legs.13	  A	  mean	  of	  the	  scores	  (maximum	  reach	  distances)	  for	  each	  direction	  on	  each	  leg	  will	  be	  calculated	  for	  each	  subject.	  A	  failed	  trial	  occurs	  when	  a	  subject	  rests	  on	  their	  reaching	  foot	  for	  any	  length	  of	  time,	  shifts	  his	  or	  her	  weight,	  lifts	  their	  stance	  heel	  off	  the	  ground,	  or	  fails	  to	  return	  to	  bilateral	  stance	  in	  the	  center	  in	  a	  smooth	  motion	  and	  without	  touching	  down	  along	  the	  way.	  If	  a	  failed	  trial	  occurs,	  it	  is	  simply	  repeated.	  
Figure	  3-­‐6.	  SEBT	  Balance	  Task	  Set	  Up	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  Figure	  3-­‐7.	  Anterior	  Reach	  of	  the	  SEBT	  	   	  The	  SEBT	  is	  a	  reliable	  measure	  of	  dynamic	  balance,	  and	  has	  also	  been	  demonstrated	  to	  be	  a	  predictor	  of	  lower	  extremity	  injury.13,37	  Studies	  demonstrate	  interrater	  reliability	  for	  non-­‐normalized	  measures	  ranging	  from	  0.89	  to	  0.94.52	  Another	  study	  showed	  an	  intersession	  reliability	  ranging	  from	  0.84–0.97.53	   	  
Landing	  Error	  Scoring	  System	  (Prediction	  of	  Lower	  Extremity	  Injury)	  	   Subjects	  will	  perform	  three	  trials	  of	  a	  jump	  landing	  task,	  following	  three	  practice	  trials.	  The	  subjects	  begin	  the	  jump	  landing	  task	  while	  standing	  on	  a	  30-­‐cm-­‐high	  box	  placed	  at	  a	  distance	  of	  3	  feet	  from	  a	  marker	  in	  front	  of	  them	  on	  the	  floor	  designating	  a	  landing	  zone,	  based	  of	  the	  protocol	  required	  for	  the	  PhysiMax	  software	  to	  function.	  (Three	  feet	  serves	  as	  an	  average	  distance	  for	  half	  the	  body	  height.)	  The	  Kinect	  camera	  was	  located	  directly	  in	  front	  of	  the	  subject,	  11	  feet	  from	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the	  edge	  of	  the	  box.	  The	  camera	  was	  located	  0.84m	  above	  the	  ground	  with	  0	  degrees	  of	  tilt.	  For	  each	  trial	  subjects	  were	  instructed	  to	  jump	  forward	  off	  the	  box,	  ensuring	  that	  they	  jumped	  off	  both	  feet	  and	  both	  limbs	  left	  the	  box	  at	  the	  same	  time.14	  After	  landing	  on	  the	  force	  plate	  subjects	  were	  instructed	  to	  immediately	  jump	  for	  maximal	  height.	  Each	  trial	  was	  recorded	  with	  the	  Kinect	  camera,	  and	  automatically	  scored	  by	  the	  computer	  using	  PhysiMax	  software.	  	  
Figure	  3-­‐8.	  Subject	  Beginning	  LESS	  Test	  Previous	  studies	  report	  that	  the	  LESS	  scored	  by	  software	  is	  a	  reliable	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way	  to	  score	  the	  LESS.47	  The	  LESS	  itself	  has	  been	  proven	  to	  be	  a	  valid	  and	  reliable	  (inter-­‐rater	  reliability:	  ICC2,1	  =	  0.84,	  standard	  error	  of	  the	  mean	  =	  0.71,	  intra-­‐rater	  reliability:	  ICC2,1	  =	  0.91	  and	  SEM	  =	  0.42)	  clinical	  movement-­‐analysis	  tool	  that	  evaluates	  specific	  jump-­‐landing	  characteristics	  (Appendix	  C).54	  Further	  the	  less	  has	  an	  ability	  to	  aid	  in	  the	  prediction	  of	  lower	  extremity	  injury,	  and	  has	  been	  noted	  to	  have	  86%	  sensitivity	  and	  71%	  specificity	  when	  predicting	  ACL	  tears	  specifically.14	  
Data	  Analysis	  
Independent	  Variables:	  	  -­‐Hx	  of	  Exercise	  related	  leg	  pain	  or	  injury	  (limb	  specific)	  Dependent	  Variables:	  	  -­‐Navicular	  Drop	  -­‐Muscle	  Strength	  –	  Flexor	  Hallucis	  Longus	  and	  Brevis,	  Flexor	  Digitorum	  -­‐Postural	  Control	  –	  Path	  Velocity	  -­‐LESS	  scores	  -­‐SEBT	  scores	  –	  Anterior,	  Posterior	  Lateral,	  and	  Posterior	  Medial	  reaches	  -­‐Muscle	  CSA	  -­‐Muscle	  Thickness	  (at	  rest)	  -­‐Muscle	  Thickness	  (when	  contracted)	  -­‐Change	  in	  Muscle	  Thickness	  -­‐Contraction	  Grade	  -­‐Short	  Foot	  Ability	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  Data	  was	  analyzed	  using	  various	  methods.	  In	  order	  to	  achieve	  aim	  one,	  data	  regarding	  those	  who	  have	  sustained	  previous	  injury	  was	  compared	  to	  those	  who	  have	  not	  sustained	  an	  injury.	  Independent	  and	  dependent	  samples	  T-­‐Tests	  were	  completed	  comparing	  group	  and	  limb.	  Descriptive	  statistics,	  effect	  sizes	  and	  95%	  confidence	  intervals	  were	  computed	  for	  all	  tests.	  To	  achieve	  aim	  two,	  data	  relating	  to	  the	  foot	  core	  specifically	  was	  compared	  to	  other	  types	  of	  lower	  extremity	  screening	  tools	  in	  order	  to	  see	  if	  they	  relate	  to	  established	  injury	  predictors.	  Bivariate	  Pearson	  Product	  Moment	  correlations	  were	  calculated	  for	  all	  parametric	  and	  non-­‐parametric	  data.	  Any	  data	  ordinal	  or	  nominal	  in	  nature	  were	  correlated	  using	  a	  Spearman	  Rho	  or	  other	  appropriate	  correlation	  techniques.	  All	  data	  was	  compared	  based	  on	  previous	  history	  of	  injury	  or	  lack	  of	  previous	  injury.	  Data	  from	  subjects	  with	  specific	  injuries	  were	  explored	  and	  preliminarily	  compared	  to	  those	  without	  injury	  and	  those	  with	  various	  other	  injuries.	  	  An	  a	  priori	  power	  analysis	  was	  completed	  analysis	  based	  on	  the	  effect	  size	  of	  the	  variable	  in	  question,	  an	  alpha	  level	  of	  0.05,	  1-­‐B=0.80,	  and	  a	  two-­‐tailed	  t-­‐test.	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CHAPTER 4 	  
Participant Characteristics 	   A	  total	  of	  24	  individuals	  with	  a	  previous	  history	  of	  running-­‐related	  injury	  and	  8	  healthy	  controls	  were	  included	  in	  this	  study.	  Overall,	  subjects	  were	  22.13±2.92	  years	  of	  age,	  weighed	  an	  average	  of	  66.04±9.67	  kg,	  were	  167.37±19.25	  cm	  in	  height,	  and	  had	  an	  average	  normalized	  leg	  length	  of	  88.7±10.2	  cm.	  Group	  demographics	  are	  presented	  in	  Table	  1.	  	  Running	  characteristics	  that	  may	  contribute	  to	  running-­‐related	  injuries,	  are	  presented	  in	  Tables	  4-­‐2	  –	  4-­‐5	  for	  both	  injured	  and	  control	  groups.	  For	  the	  data	  within	  Tables	  4-­‐3	  and	  4-­‐5	  subjects	  were	  allowed	  to	  chose	  more	  than	  one	  response	  while	  answering	  the	  question,	  indicating	  all	  the	  various	  surfaces	  they	  train	  on	  regularly,	  and	  all	  the	  different	  types	  of	  training	  they	  do.	  Table	  4-­‐6	  reports	  the	  injury	  characteristics	  (i.e.	  type	  and	  location)	  of	  the	  injured	  subjects,	  again	  to	  which	  they	  were	  allowed	  to	  provide	  more	  than	  one	  response	  if	  they	  had	  experienced	  more	  than	  one	  injury.	  	  Table	  4-­‐1.	  Demographics	  	  
	   Age	  (Years)	   Weight	  (kg)	   Height	  (cm)	   Normalized	  
Leg	  Length	  
(cm)	  
Control	  (n=8)	   	  	  	  	  23.50±3.89	   63.64±8.64	   161.83±19.08	   85.77±10.11	  
Injured	  
(n=24)	  
21.66±2.44	   66.84±10.03	   169.21±19.34	   89.68±10.25	  	  *Data	  presented	  are	  means	  and	  standard	  deviations	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Table	  4-­‐2.	  Running	  Characteristics	  
	   Control	  (n=8)	   Injured	  (n=24)	  
Years	  Running	   9.43±6.23	   9.21±5.77	  
Average	  Distance	  (mi)	   16.06±9.41	   14.16±8.88	  
Runs	  per	  Week	   4.62±1.38	   4.37±1.30	  
Longest	  Run	  (mi)	   5.12±1.95	   5.07±3.69	  
Pace	  (min)	   8.34±1.42	   8.53±0.91	  	  	  	  	  *Data	  presented	  are	  means	  and	  standard	  deviations	  	   	  Table	  4-­‐3.	  Running	  Surface	  
	   Control	  (n=8)	   Injured	  (n=24)	  
Grass	   2	  (25%)	   9	  (37.5%)	  
Dirt	   4	  (50%)	   7	  (29.1%)	  
Concrete	   4	  (50%)	   11	  (45.8%)	  
Asphalt	   4	  (50%)	   12	  (50%)	  
Artificial	  Track	   4	  (50%)	   13	  (54.1%)	  
Sand	   0	  (0%)	   2	  (8.3%)	  *Percentages	  represent	  the	  total	  number	  of	  participants	  in	  each	  group	  who	  train	  on	  a	  specific	  surface	  relative	  to	  the	  total	  number	  of	  people	  in	  that	  group.	  	  Participants	  reported	  all	  training	  surfaces.	  	  Table	  4-­‐4.	  Shoe	  Type	  
	   Control	  (n=8)	   Injured	  (n=24)	  
Standard	   4	  (50%)	   12	  (50%)	  
Motion	  Control	   0	  (0%)	   2	  (8.3%)	  
Stability	   4	  (50%)	   5	  (20.8%)	  
Cushioned	   0	  (0%)	   4	  (16.6%)	  
Minimalist	   0	  (0%)	   1	  (4.1%)	  *	  Percentages	  represent	  the	  total	  number	  of	  participants	  in	  each	  group	  who	  train	  in	  a	  specific	  type	  of	  shoe	  relative	  to	  the	  total	  number	  of	  people	  in	  that	  group	  	  Table	  4-­‐5.	  Training	  Type	  
	   Control	  (n=8)	   Injured	  (n=24)	  
Slow	  Distance	   6	  (75%)	   15	  (62.5%)	  
Fast	  Distance	   2	  (25%)	   5	  (20.8%)	  
Intervals	   3	  (37.5%)	   17	  (70.8%)	  
Sprint	   4	  (50%)	   14	  (58.3%)	  
Other	   0	  (0%)	   4	  (16.6%)	  *Percentages	  represent	  the	  total	  number	  of	  participants	  in	  each	  group	  who	  trained	  a	  certain	  way	  relative	  to	  the	  total	  number	  of	  people	  in	  that	  group.	  	  Participants	  were	  allowed	  to	  report	  more	  than	  one	  type	  of	  training	  regimen.	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Table	  4-­‐6.	  Injury	  Characteristics	  
	   Incidence	  (of	  24	  injured	  
subjects)	  
Location	  
Shin	  Pain	   21	  (87.5%)	   11	  (52.3%)	  Anterior	  11	  (52.3%)	  Medial	  6	  (28.5)	  Lateral	  1(4.7%)	  Posterior	  3	  (14.2%)	  General	  
MTSS	   11	  (45.8%)	   	  
Stress	  Fracture	  (Leg)	   4	  (16.6%)	   3	  (75%)	  Tibia	  1	  (25%)	  Fibula	  
Stress	  Reaction	  (Leg)	   2	  (8.3%)	   2	  (100%)	  Tibia	  
General	  Foot	  Pain	   12	  (50%)	   	  
Stress	  Fracture	  (Foot)	   3	  (12.5%)	   	  
Plantar	  Fasciitis	   5	  (20.8%)	   	  
Other	  Injury	  
(unspecified)	  
5	  (20.8%)	   	  *Subjects	  were	  allowed	  to	  respond	  with	  more	  than	  one	  injury	  and	  more	  than	  one	  injury	  location	  for	  this	  question.	  	  Incidence	  percentages	  represent	  the	  total	  number	  of	  participants	  reporting	  a	  specific	  type	  of	  injury.	  	  Location	  percentages	  represent	  the	  number	  of	  participants	  that	  reported	  such	  an	  injury	  in	  that	  location.	  	  Participants	  could	  have	  reported	  more	  than	  one	  injury	  and	  an	  injury	  to	  more	  than	  one	  location.	  	  	  	  
Aim 1: Injured v. Control Group Differences Significant	  differences	  between	  injured	  subjects	  and	  the	  controls	  were	  found	  in	  the	  cross	  sectional	  area	  [t26.759=4.179,	  P<0.000]	  of	  the	  flexor	  hallucis	  brevis	  muscle	  (FH_CS),	  and	  for	  the	  contracted	  thickness	  [t30=2.582,	  P=0.015]	  of	  the	  flexor	  hallucis	  muscle	  brevis,	  both	  demonstrating	  that	  individuals	  with	  a	  history	  of	  exercise	  related	  leg	  pain	  and	  injury	  have	  a	  lesser	  cross	  sectional	  area	  and	  contracted	  thickness	  than	  control	  subjects.	  All	  other	  comparisons	  were	  not	  different	  between	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the	  groups	  (P	  >0.05).	  	  Means,	  standard	  deviations,	  and	  effect	  sizes	  with	  associated	  95%	  confidence	  intervals	  for	  between	  group	  comparisons	  can	  be	  found	  in	  Table	  7.	  	  	  	  Between	  limb	  comparisons	  (involved	  limb	  and	  contralateral	  limb)	  within	  the	  injured	  group	  noted	  significant	  differences	  between	  the	  posterolateral	  reach	  of	  the	  SEBT	  	  [t23=-­‐2.358,	  P=0.027]	  and	  the	  contraction	  grading	  average	  [t23=2.321	  P=0.030].	  Means	  and	  standard	  deviations	  for	  the	  between	  limb	  comparisons	  of	  the	  injured	  group	  can	  be	  found	  in	  Table	  8.	  	  
Table	  4-­‐7.	  Injured	  vs.	  Control	  Group	  Differences	  
	   Control	   Injured	   P-­‐Value	   Effect	  Size	  
FAAMS	   98.82±2.32	   94.27±11.31	   0.074	   -­‐0.29,	  -­‐1.1	  to	  0.51	  
Global	  Function	   98.12±3.70	   93.41±11.57	   0.272	   -­‐0.29,	  -­‐1.1	  to	  0.51	  
Navicular	  Drop	  (cm)	   2.68±0.88	   3.60±1.37	   0.089	   0.46,	  -­‐0.3	  to	  1.27	  
FH	  Strength	  (kg)	   5.13±2.32	   5.25±3.38	   0.942	   0.02,	  -­‐0.8	  to	  0.82	  
FD	  Strength	  (kg)	   3.26±2.19	   3.58±1.55	   0.659	   0.12,	  -­‐0.7	  to	  0.92	  
SEBT	  –	  Anterior	  (cm)	   60.86±5.97	   58.35±6.00	   0.314	   -­‐0.27,	  -­‐1.1	  to	  0.54	  
SEBT	  –	  
Posteromedial(cm)	  
63.71±8.76	   70.63±10.06	   0.093	   0.45,	  -­‐0.4	  to	  1.26	  
SEBT	  –	  Posterolateral	  
(cm)	  
72.57±8.84	   73.18±11.19	   0.890	   0.04,	  -­‐0.8	  to	  0.84	  
Contraction	  Grading	  
Average	  
13.42±6.28	   13.40±5.23	   0.991	   0.00,	  -­‐0.8	  to	  0.8	  
LESS	   6.0±1.85	   5.0±1.35	   0.109	   0.43,	  -­‐1.2	  to	  0.38	  
Path	  Velocity	  –Eyes	  
Open	  (cm/sec)	  
3.66±0.59	   3.51±0.76	   0.614	   0.13,	  -­‐0.9	  to	  0.67	  
Path	  Velocity	  –	  Eyes	  
Closed	  (cm/sec)	  
7.34±1.95	   8.01±1.23	   0.390	   0.30,	  -­‐0.5	  to	  1.1	  
AH_CS	  (cm2)	   2.01±0.61	   1.98±0.55	   0.880	   -­‐0.03,	  -­‐0.8	  to	  0.77	  
AH_T	  (cm)	   1.01±0.15	   1.03±0.16	   0.859	   0.08,	  -­‐0.7	  to	  0.88	  
FDB_CS	  (cm2)	   0.83±0.27	   0.85±0.19	   0.844	   0.06,	  -­‐0.7	  to	  0.86	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FDB_TC	  (cm)	   0.67±0.05	   0.64±0.09	   0.421	   -­‐0.23,	  -­‐1	  to	  0.57	  
FDB_TR	  (cm)	   0.59±0.09	   0.57±0.08	   0.583	   -­‐0.15,	  -­‐1	  to	  0.65	  
FHB_CS	  (cm2)	   1.47±0.10	   1.23±0.22	   <0.001	   -­‐0.77,	  -­‐1.6	  to	  0.05	  
FHB_TC	  (cm)	   1.26±0.16	   1.07±0.18	   0.015	   -­‐0.69,	  -­‐1.5	  to	  0.13	  
FHB_TR	  (cm)	   1.05±0.16	   0.91±0.18	   0.061	   -­‐0.6,	  -­‐1.3	  to	  0.3	  *	  Data	  presented	  are	  means	  and	  standard	  deviations.	  Abbreviations:	  FAAMS	  –	  Foot	  and	  Ankle	  Ability	  Measure,	  Global	  –	  overall	  global	  rating	  of	  foot	  and	  ankle	  function	  (out	  of	  100),	  FH	  Strength	  –	  Flexor	  Hallucis	  Strength,	  FD	  Strength	  –	  Flexor	  Digitorum	  Strength,	  SEBT	  –	  Star	  Excursion	  Balance	  Test,	  Contraction	  Grading	  Average	  –	  average	  number	  of	  errors	  during	  a	  30	  second	  balance	  trial,	  AH_CS	  –Abductor	  Hallucis	  cross	  sectional	  area,	  AH_T	  –	  Abductor	  Hallucis	  thickness,	  FDB_CS	  –	  Flexor	  Digitorum	  Brevis	  cross	  sectional	  area,	  FDB_TC	  –Flexor	  Digitorum	  Brevis	  contracted	  thickness,	  FDB_TR	  –	  Flexor	  Digitorum	  Brevis	  relaxed	  thickness,	  FHB_CS	  –	  Flexor	  Hallucis	  Brevis	  	  cross	  sectional	  area,	  FHB_TC	  –	  Flexor	  Hallucis	  Brevis	  contracted	  thickness,	  FHB_TR	  –	  Flexor	  Hallucis	  Brevis	  relaxed	  thickness.	  	  	  Table	  4-­‐8.	  Involved	  Limb	  vs.	  Contralateral	  Limb	  Differences	  
	   Contralateral	  
Limb	  
Involved	  Limb	   P-­‐Value	   Effect	  Size	  
FAAMS	   98.43±5.82	   94.27±11.31	   0.066	   	  	  	  -­‐0.40,	  -­‐1.0	  to	  	  	  	  	  	  	  	  	  	  	  0.17	  
Navicular	  Drop	  
(cm)	  
3.10±2.11	   3.60±1.37	   0.262	   0.23,	  -­‐0.3	  to	  0.80	  
SF	  Grade	   2.16±0.76	   2.25±0.60	   0.539	   0.14,	  -­‐0.4	  to	  0.71	  
FH	  Strength	  (kg)	   4.99±2.67	   5.25±3.38	   0.647	   0.09,	  -­‐0.5	  to	  0.66	  
FD	  Strength	  (kg)	   3.73±2.42	   3.58±1.55	   0.651	   -­‐0.10,	  -­‐0.7	  to	  0.47	  
SEBT	  –	  Anterior	  
(cm)	  
60.22±6.96	   58.35±6.00	   0.051	   -­‐0.41,	  -­‐1.0	  to	  0.16	  
SEBT	  –	  
Posteromedial	  
(cm)	  
70.17±7.98	   70.63±10.	   0.736	   0.07,	  -­‐0.5	  to	  0.64	  
SEBT	  –	  
Posterolateral	  
(cm)	  
75.61±9.72	   73.18±11.19	   0.027	   -­‐0.49,	  -­‐1.1	  to	  0.09	  
Global	  Function	   96.58±6.10	   93.41±11.57	   0.152	   -­‐0.31,	  -­‐0.9	  to	  0.26	  
Contraction	  
Grading	  Average	  
11.26±3.54	   13.40±5.23	   0.030	   0.48,	  -­‐0.1	  to	  1.05	  
Path	  Velocity	  –	  
Eyes	  Open	  
3.42±0.69	   3.51±0.76	   0.425	   0.17,	  -­‐0.4	  to	  0.74	  
Path	  Velocity	  –	  
Eyes	  Closed	  
8.25±2.05	   8.01±1.23	   0.394	   -­‐0.21,	  -­‐0.8	  to	  0.36	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AH_CS	  (cm2)	   1.88±0.44	   1.98±0.55	   0.138	   0.34,	  -­‐0.2	  to	  0.91	  
AH_T	  (cm)	   0.98±0.18	   1.03±0.16	   0.138	   0.33,	  -­‐0.2	  to	  0.90	  
FDB_CS	  (cm2)	   0.86±0.23	   0.85±0.19	   0.658	   -­‐0.06,	  -­‐0.6	  to	  0.51	  
FDB_TC	  (cm)	   0.67±0.09	   0.64±0.09	   0.217	   -­‐0.26,	  -­‐0.8	  to	  0.31	  
FDB_TR	  (cm)	   0.58±0.07	   0.57±0.08	   0.607	   -­‐0.11,	  -­‐0.7	  to	  0.45	  
FHB_CS	  (cm2)	   1.31±0.29	   1.23±0.22	   0.199	   -­‐0.28,	  -­‐0.8	  to	  0.29	  
FHB_TC	  (cm)	   1.08±0.17	   1.07±0.18	   0.870	   -­‐0.05,	  -­‐0.6	  to	  0.51	  
FHB_TR	  (cm)	   0.92±0.16	   0.91±0.18	   0.745	   -­‐0.05,	  -­‐0.6	  to	  0.51	  *	  Data	  presented	  are	  means	  and	  standard	  deviations.	  Abbreviations:	  FAAMS	  –	  Foot	  and	  Ankle	  Ability	  Measure,	  Global	  –	  overall	  global	  rating	  of	  foot	  and	  ankle	  function	  (out	  of	  100),	  FH	  Strength	  –	  Flexor	  Hallucis	  Strength,	  FD	  Strength	  –	  Flexor	  Digitorum	  Strength,	  SEBT	  –	  Star	  Excursion	  Balance	  Test,	  Contraction	  Grading	  Average	  –	  average	  number	  of	  errors	  during	  a	  30	  second	  balance	  trial,	  AH_CS	  –	  Abductor	  Hallucis	  cross	  sectional	  area,	  AH_T	  –	  Abductor	  Hallucis	  thickness,	  FDB_CS	  –	  Flexor	  Digitorum	  Brevis	  cross	  sectional	  area,	  FDB_TC	  –	  Flexor	  Digitorum	  Brevis	  contracted	  thickness,	  FDB_TR	  –	  Flexor	  Digitorum	  Brevis	  relaxed	  thickness,	  FHB_CS	  –	  Flexor	  Hallucis	  	  Brevis	  cross	  sectional	  area,	  FH_TC	  –	  Flexor	  Hallucis	  Brevis	  contracted	  thickness,	  FH_TR	  –	  Flexor	  Hallucis	  Brevis	  relaxed	  thickness.	  	  	   	  	   	  
Injured	  Subjects:	  Dependent	  Measures	  Relative	  to	  Demographics	  and	  Running	  
Characteristics	  Within	  injured	  subjects,	  significant	  correlations	  were	  found	  between	  multiple	  variables.	  Better	  scores	  on	  the	  FAAM	  Sport	  were	  significantly	  associated	  with	  greater	  time	  since	  injury	  (r=0.587,	  P=0.010;	  Figure	  4-­‐1).	  	  Greater	  mileage	  per	  week	  was	  significantly	  associated	  with	  less	  navicular	  drop	  (r=-­‐0.533,	  P=0.007;	  Figure	  4-­‐2).	  The	  greater	  the	  distance	  of	  the	  longest	  run	  was	  also	  significantly	  associated	  with	  less	  navicular	  drop	  (r=-­‐0.439,	  P=0.032;	  Figure	  4-­‐3).	  Greater	  age	  was	  significantly	  associated	  with	  greater	  flexor	  hallucis	  strength	  (r=0.502,	  P=0.012;	  Figure	  4-­‐4)	  and	  greater	  flexor	  digitorum	  strength	  (r=0.455,	  P=0.025;	  Figure	  4-­‐5).	  Greater	  flexor	  digitorum	  strength	  was	  significantly	  associated	  with	  faster	  pace	  (r=-­‐
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0.417,	  P=0.043;	  Figure	  4-­‐6).	  Greater	  distance	  on	  the	  posteromedial	  reach	  of	  the	  SEBT	  was	  significantly	  associated	  with	  more	  years	  running	  (r=0.602,	  P=0.002;	  Figure	  4-­‐7),	  and	  greater	  distance	  on	  the	  posterolateral	  reach	  of	  the	  SEBT	  was	  also	  significantly	  associated	  with	  a	  greater	  number	  of	  years	  running	  (r=0.550,	  P=0.005;	  Figure	  4-­‐8).	  Greater	  distances	  on	  the	  posterolateral	  reach	  of	  the	  SEBT	  were	  also	  significantly	  associated	  with	  a	  faster	  running	  pace	  (r=-­‐0.424,	  P=0.039;	  Figure	  4-­‐9).	  Greater	  path	  velocity	  of	  single	  leg	  eyes	  open	  was	  significantly	  associated	  with	  greater	  amounts	  of	  time	  that	  runners	  took	  off	  for	  injury	  with	  (r=0.662,	  P=0.007).	  Greater	  thickness	  of	  the	  abductor	  hallucis	  muscle	  was	  significantly	  associated	  with	  a	  greater	  number	  of	  years	  running	  (r=0.456,	  P=0.025;	  Figure	  4-­‐10)	  and	  a	  greater	  number	  of	  times	  per	  week	  that	  someone	  runs	  (r=0.455,	  P=0.025,	  Figure	  4-­‐11).	  	  A	  greater	  CSA	  of	  the	  flexor	  digitorum	  brevis	  was	  significantly	  related	  to	  lesser	  mileage	  run	  a	  week	  (r=-­‐0.443,	  P=0.030;	  Figure	  4-­‐12).	  Better	  (lower)	  LESS	  scores	  were	  significantly	  associated	  with	  greater	  age	  (r=-­‐0.481,	  P=0.016;	  Figure	  4-­‐13)	  and	  more	  years	  running	  (r=-­‐0.496,	  P=0.014,	  Figure	  4-­‐14).	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Figure	  4-­‐1.	  FAAM-­‐S	  Score	  vs.	  How	  Long	  Ago	  Injury	  Was	  
	  Figure	  4-­‐2.	  Navicular	  Drop	  v.	  Mileage	  Per	  Week	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Figure	  4-­‐3.	  Navicular	  Drop	  v.	  Longest	  Run	  
	  Figure	  4-­‐4.	  Flexor	  Hallucis	  Strength	  v.	  Age	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Figure	  4-­‐5.	  Flexor	  Digitorum	  Strength	  v.	  Age	  
	  Figure	  4-­‐6.	  Flexor	  Digitorum	  Strength	  v.	  Pace	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  Figure	  4-­‐7.	  SEBT	  Posteromedial	  Reach	  v.	  Years	  Running	  
*SEBT	  –	  Star	  Excursion	  Balance	  Test	  Figure	  4-­‐8.	  SEBT	  Posterolateral	  Reach	  v.	  Years	  Running	  
	  *SEBT	  –	  Star	  Excursion	  Balance	  Test	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Figure	  4-­‐9.	  SEBT	  Posterolateral	  Reach	  v.	  Pace	  
	  *SEBT	  –	  Star	  Excursion	  Balance	  Test	  	  Figure	  4-­‐10.	  Abductor	  Hallucis	  Thickness	  v.	  Years	  Running	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  Figure	  4-­‐11.	  Abductor	  Hallucis	  Thickness	  v.	  Times	  Per	  Week	  
	  Figure	  4-­‐12.	  Flexor	  Digitorum	  Brevis	  CSA	  v.	  Miles	  Per	  Week
	  *CSA	  –	  Cross	  Sectional	  Area	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Figure	  4-­‐13.	  LESS	  Score	  v.	  Age	  (Injured	  Subjects)
	  *LESS	  –	  Landing	  Error	  Scoring	  System	  	  Figure	  4-­‐14.	  LESS	  Score	  v.	  Years	  Running	  
	  *LESS	  –	  Landing	  Error	  Scoring	  System	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Control	  Subjects	  -­‐	  Dependent	  Measures	  Relative	  to	  Demographics	  and	  Running	  
Characteristics	  Within	  control	  subjects	  the	  following	  significant	  correlations	  were	  noted:	  Greater	  distance	  on	  the	  posterolateral	  reach	  of	  SEBT	  was	  significantly	  associated	  with	  greater	  weight	  (r=0.769,	  P=0.026;	  Figure	  4-­‐15),	  greater	  height	  (r=0.755,	  P=0.030;	  Figure	  4-­‐16)	  and	  greater	  normalized	  leg	  length	  (r=0.755,	  P=0.030;	  Figure	  4-­‐17).	  Greater	  path	  velocity	  of	  single	  leg	  balance	  with	  eyes	  open	  is	  significantly	  associated	  with	  greater	  age	  (r=0.879,	  P=0.004;	  Figure	  4-­‐18),	  greater	  mileage	  (r=0.805,	  P=0.016;	  Figure	  4-­‐19),	  running	  more	  times	  per	  week	  (r=0.830,	  P=0.011;	  Figure	  4-­‐20),	  and	  a	  faster	  pace	  (r=-­‐0.750,	  P=0.032;	  Figure	  4-­‐21).	  Greater	  path	  velocity	  of	  single	  leg	  balance	  with	  eyes	  closed	  is	  significantly	  associated	  with	  more	  to	  years	  running	  (r=0.824,	  P=0.012:	  Figure	  4-­‐22),	  greater	  mileage	  (r=0.840,	  P=0.009;	  Figure	  4-­‐23)	  and	  more	  times	  per	  week	  (r=0.883,	  P=0.004;	  Figure	  4-­‐24).	  Lower	  LESS	  scores	  are	  significantly	  associated	  with	  greater	  age	  (r=-­‐0.714,	  P=0.047;	  Figure	  4-­‐25),	  greater	  mileage	  (r=-­‐0.734,	  P=0.038;	  Figure	  4-­‐26),	  and	  more	  times	  per	  week	  (r=-­‐0.893,	  P=0.003;	  Figure	  4-­‐27).	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Figure	  4-­‐15.	  SEBT	  Posterolateral	  Reach	  v.	  Weight
	  *SEBT	  –	  Star	  Excursion	  Balance	  Test	  	  Figure	  4-­‐16.	  SEBT	  Posterolateral	  Reach	  v.	  Height
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  Figure	  4-­‐17.	  SEBT	  Posterolateral	  Reach	  v.	  Normalized	  Leg	  Length	  
	  *SEBT	  –	  Star	  Excursion	  Balance	  Test	  	  Figure	  4-­‐18.	  	  Path	  Velocity	  -­‐	  Eyes	  Open	  v.	  Age	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Figure	  4-­‐19.	  Path	  Velocity	  –	  Eyes	  Open	  v.	  Miles	  Per	  Week
	  	  	  	  Figure	  4-­‐20.	  Path	  Velocity	  -­‐	  Eyes	  Open	  v.	  Times	  Per	  Week	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Figure	  4-­‐21.	  Path	  Velocity	  –	  Eyes	  Open	  v.	  Pace
	  	  Figure	  4-­‐22.	  Path	  Velocity	  –	  Eyes	  Closed	  v.	  Years	  Running
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Figure	  4-­‐23.	  Path	  Velocity	  –	  Eyes	  Closed	  v.	  Miles	  Per	  Week
	  	  	  Figure	  4-­‐24.	  Path	  Velocity	  –	  Eyes	  Closed	  v.	  Times	  Per	  Week
	  	  
R²	  =	  0.70485	  
5.00	  
6.00	  
7.00	  
8.00	  
9.00	  
10.00	  
11.00	  
5	   10	   15	   20	   25	   30	   35	  
Pa
th
	  V
el
oc
it
y	  
-­‐	  E
ye
s	  
Cl
os
ed
	  (c
m
/s
eo
cn
d)
	  
Miles	  Per	  Week	  
P	  =	  0.009	  
R²	  =	  0.77988	  
0.00	  
2.00	  
4.00	  
6.00	  
8.00	  
10.00	  
12.00	  
2	   2.5	   3	   3.5	   4	   4.5	   5	   5.5	   6	   6.5	   7	  
Pa
th
	  V
le
oc
it
y	  
-­‐	  E
ye
s	  
Cl
os
ed
	  (c
m
/s
ec
on
d)
	  
Times	  Per	  Week	  
P	  =	  0.004	  
	   71	  
Figure	  4-­‐25.	  LESS	  Score	  v.	  Age	  (Control	  Subjects)
	  *LESS	  –	  Landing	  Error	  Scoring	  System	  	  Figure	  4-­‐26.	  LESS	  Score	  v.	  Miles	  Per	  Week
	  *LESS	  –	  Landing	  Error	  Scoring	  System	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Figure	  4-­‐27.	  LESS	  Score	  v.	  Times	  Per	  Week
*LESS	  –	  Landing	  Error	  Scoring	  System	  
 
Aim 2: Correlations to Other Lower Extremity Screening Tools 	   In	  order	  to	  address	  aim	  two	  of	  this	  study	  looking	  at	  the	  foot	  core	  characteristics	  and	  established	  lower	  extremity	  screening	  tests,	  a	  Pearson	  correlation	  was	  run	  looking	  at	  all	  subjects.	  For	  non-­‐parametric	  data	  a	  Spearman’s	  rho	  correlation	  was	  completed.	  	  Significant	  correlations	  were	  found	  for	  the	  following:	  Greater	  SEBT	  –	  Anterior	  reach	  was	  significantly	  associated	  with	  greater	  scores	  (worse	  outcomes)	  of	  Contraction	  Grading	  Average	  (r=0.355,	  P=0.046;	  Figure	  4-­‐28),	  and	  the	  SEBT	  Posteromedial	  reach	  was	  significantly	  associated	  with	  greater	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  Strength	  (r=0.455,	  P=0.009;	  Figure	  4-­‐29).	  Greater	  distances	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  the	  SEBT	  posterolateral	  reach	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is	  significantly	  associated	  with	  greater	  RFD	  Strength	  (r=0.485,	  P=0.005),	  lesser	  RFDB	  contracted	  thickness	  (r=-­‐0.567,	  P=0.001),	  and	  lesser	  RFDB	  relaxed	  thickness	  (r=-­‐0.576,	  P=0.001)	  which	  can	  all	  be	  seen	  in	  Figure	  4-­‐30.	  Greater	  Path	  Velocity	  –	  Eyes	  Open	  is	  significantly	  associated	  with	  greater	  RFHB	  cross	  sectional	  area	  (r=0.488,	  P=0.005)	  and	  greater	  RFHB	  contracted	  thickness	  (r=0.364,	  P=0.041)	  which	  can	  all	  be	  see	  in	  Figure	  4-­‐31.	  Greater	  RFH	  strength	  is	  significantly	  associated	  with	  greater	  RFD	  Strength	  (r=0.726,	  P<0.000)	  and	  lesser	  RFDB	  cross	  sectional	  area	  (r=-­‐0.384	  p=0.030)	  which	  can	  be	  seen	  in	  Figure	  4-­‐32.	  Greater	  Contraction	  Grading	  Average	  is	  also	  significantly	  associated	  with	  greater	  RAH	  thickness	  (r=0.362,	  P=0.042)	  and	  RFDB	  contracted	  thickness	  (r=0.441,	  P=0.011)	  as	  seen	  in	  Figure	  4-­‐33.	  No	  other	  significant	  correlations	  were	  identified.	  For	  example,	  the	  FAAM-­‐S	  using	  all	  participants	  and	  using	  injured	  participants	  only	  were	  not	  significant	  when	  compared	  to	  foot	  core	  characteristics.	  	  The	  significant	  Spearman’s	  Rho	  correlations	  for	  the	  non	  parametric	  data	  within	  all	  subjects	  exist	  as	  follows:	  Contraction	  Grading	  Classification	  is	  associated	  with	  Contraction	  Grading	  Average	  (ρ=0.857,	  P<0.000),	  RAH	  thickness	  (ρ=0.398,	  P=0.024)	  RFDB	  contracted	  thickness	  (ρ=0.452,	  P=0.009),	  and	  RFDB	  relaxed	  thickness	  (ρ=0.351,	  P=0.049).	  Short	  Foot	  Grading	  is	  associated	  with	  RFDB	  cross	  sectional	  area	  (ρ=-­‐0.416,	  P=0.018),	  RFDB	  contracted	  thickness	  (ρ=-­‐0.600,	  P<0.000),	  and	  RFHB	  cross	  sectional	  area	  (ρ=-­‐0.505,	  P=0.003).	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Figure	  4-­‐28.	  Contraction	  Grading	  Average	  v.	  SEBT	  Anterior	  Reach	  
	  *SEBT	  –	  Star	  Excursion	  Balance	  Test	  	  Figure	  4-­‐29.	  	  SEBT	  Posteromedial	  Reach	  v.	  Flexor	  Digitorum	  Strength
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Figure	  4-­‐30.	  SEBT	  Posterolateral	  Reach	  v.	  FD	  Strength	  and	  FDB	  Thicknesses	  
	  *SEBT	  –	  Star	  Excursion	  Balance	  Test,	  RFDB_TC	  –	  Flexor	  Digitorum	  Brevis	  Contracted	  Thickness,	  RFDB_TR	  –	  Flexor	  Digitorum	  Brevis	  Relaxed	  Thickness	  	  Figure	  4-­‐31.	  Path	  Velocity	  –	  Eyes	  Open	  v.	  FHB	  CSA	  and	  Thickness	  
	  *SREO	  –	  Single	  Right	  Eyes	  Open,	  RFD_CS	  –	  Flexor	  Hallicus	  Brevis	  Cross	  Sectional	  Area,	  RFH_TC	  –	  Flexor	  Hallicus	  Brevis	  Contracted	  Thickness	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Figure	  4-­‐32.	  Flexor	  Hallucis	  Strenght	  v.	  FD	  Strength	  and	  CSA
	  *RFD	  –	  Flexor	  Digitorum	  Brevis,	  RFD_CS	  –	  Flexor	  Digitorum	  Brevis	  cross	  sectional	  area	  	  Figure	  4-­‐33.	  Contraction	  Grading	  Average	  v.	  AH	  and	  FDB	  Thickness
	  *RAH_T	  –	  Abductor	  Hallucis	  thickness,	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  –	  Flexor	  Digitorum	  Brevis	  contracted	  thickness	  
R²	  =	  0.52649	  
R²	  =	  0.14733	  
0	  2	  
4	  6	  
8	  10	  
12	  14	  
16	  
0	   2	   4	   6	   8	  
Fl
ex
or
	  H
al
lu
ci
s	  
St
re
ng
th
	  (k
g)
	  
Strength	  (kg),	  Cross	  Sectional	  Area	  (cm2)	  
RFD	  Strength(kg)	  
RFD-­‐CS	  (cm2)	  
Linear	  (RFD	  Strength(kg))	  Linear	  (RFD-­‐CS	  (cm2))	  
P	  <	  0.000	  
P	  =	  0.030	  
R²	  =	  0.13073	  R²	  =	  0.19566	  
0	  
5	  
10	  
15	  
20	  
25	  
0.500	   0.700	   0.900	   1.100	   1.300	   1.500	  
Co
tr
ac
ti
on
	  G
ra
di
ng
	  A
ve
ra
ge
	  
Thickness	  (cm)	  
RAH-­‐T	  (cm)	  RFD-­‐TC	  (cm)	  Linear	  (RAH-­‐T	  (cm))	  Linear	  (RFD-­‐TC	  (cm))	  
P	  =	  0.042	  P	  =	  0.011	  
	   77	  
 
 
CHAPTER 5 
 The	  purpose	  of	  this	  study	  was	  to	  evaluate	  differences	  in	  the	  foot	  intrinsic	  musculature,	  otherwise	  known	  as	  the	  foot	  core,	  between	  those	  with	  and	  without	  a	  history	  of	  exercise-­‐related	  shin	  pain	  and	  lower	  leg	  injury.	  	  The	  secondary	  purpose	  of	  this	  investigation	  was	  to	  determine	  how	  foot	  core	  function	  correlates	  to	  validated	  lower	  extremity	  injury	  screening	  tools.	  The	  hypothesis	  related	  to	  the	  main	  purpose	  stated	  that	  those	  who	  have	  experienced	  exercise	  related	  leg	  pain	  would	  have	  poorer	  foot	  core	  function	  (as	  measured	  by	  muscle	  strength,	  CSA,	  and	  thickness)	  when	  compared	  to	  those	  who	  have	  not.	  	  We	  determined	  individuals	  with	  exercise-­‐related	  leg	  pain	  demonstrated	  lesser	  CSA	  and	  contracted	  thickness	  of	  the	  flexor	  hallucis	  brevis	  muscle	  as	  compared	  to	  uninjured	  controls,	  which	  supports	  our	  hypothesis.	  The	  secondary	  hypothesis	  stated	  that	  poor	  foot	  core	  function	  would	  associate	  with	  poor	  performance	  on	  established	  lower	  extremity	  screening	  tools.	  While	  we	  found	  correlations	  that	  support	  our	  hypothesis,	  we	  also	  found	  some	  that	  refute	  it.	  We	  determined	  that	  those	  with	  larger,	  stronger	  intrinsic	  muscles	  have	  worse	  static	  balance,	  but	  are	  better	  at	  completing	  short	  foot	  contractions.	  	  
Aim 1 	   Our	  study	  determined	  that	  individuals	  with	  exercise-­‐related	  leg	  pain	  demonstrated	  lesser	  CSA	  and	  contracted	  thickness	  of	  the	  flexor	  hallucis	  brevis	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muscle	  as	  compared	  to	  uninjured	  controls.	  While	  research	  investigating	  the	  association	  between	  CSA/muscle	  thickness	  and	  muscle	  strength	  is	  limited,	  some	  studies	  support	  our	  findings,	  indicating	  that	  muscle	  size	  can	  be	  indicative	  of	  muscle	  performance,	  including	  strength.32,33	  Maughan	  et	  al.33	  determined	  that	  greater	  CSA	  of	  the	  knee	  extensors	  in	  male	  subjects	  were	  found	  in	  the	  same	  limb	  that	  produced	  significantly	  greater	  strength	  during	  maximal	  voluntary	  contraction.	  Cheung	  et	  al.55	  found	  that	  there	  was	  a	  significant	  decrease	  in	  intrinsic	  foot	  muscle	  volume	  in	  patients	  that	  suffer	  from	  plantar	  fasciitis	  when	  compared	  to	  controls.	  Similarly,	  Abe	  et	  al.32	  determined	  male	  and	  female	  subjects	  with	  larger	  CSA	  of	  the	  flexor	  digitorum	  brevis	  muscle	  had	  greater	  toe	  flexion	  strength,	  and	  Jung	  et	  al.	  found	  that	  CSA	  of	  the	  abductor	  hallucis	  muscle	  was	  correlated	  to	  its	  strength.	  Our	  results	  demonstrate	  that	  individuals	  who	  have	  experienced	  injury	  have	  a	  smaller	  flexor	  hallucis	  brevis	  muscle	  than	  those	  who	  have	  not,	  which	  is	  consistent	  with	  the	  previous	  literature.	  Cumulatively,	  our	  findings	  along	  with	  the	  findings	  of	  others	  indicate	  that	  smaller	  muscles	  are	  weaker	  or	  activated	  less,	  and	  therefore	  may	  be	  more	  prone	  to	  injury.3	  The	  flexor	  hallucis	  brevis	  is	  an	  intrinsic	  muscle	  that	  works	  in	  synchronous	  fashion	  with	  the	  other	  intrinsic	  musculature	  to	  provide	  stability	  to	  the	  foot	  during	  numerous	  tasks	  including	  postural	  control,	  walking,	  and	  running.11	  There	  appears	  to	  be	  an	  association	  between	  muscle	  size	  and	  strength,	  which	  is	  also	  associated	  with	  injury.	  Other	  studies	  show	  that	  previous	  injury	  results	  in	  muscle	  weakness,	  while	  others	  show	  that	  injury	  is	  a	  result	  of	  weakness.2,3,27,56	  While	  this	  study	  was	  able	  to	  determine	  an	  association,	  any	  further	  information	  regarding	  causation	  or	  effect,	  such	  as	  whether	  or	  not	  injured	  individuals	  have	  smaller	  musculature	  due	  to	  their	  
	   79	  
injury	  or	  were	  injured	  due	  to	  smaller	  musculature	  was	  outside	  the	  scope	  of	  this	  study	  and	  needs	  to	  be	  researched	  further	  with	  prospective	  study	  designs.	  	  	  No	  other	  findings	  when	  comparing	  injured	  and	  control	  subjects	  were	  significant.	  When	  comparing	  the	  injured	  and	  contralateral	  limbs	  of	  injured	  subjects,	  we	  found	  significant	  differences	  between	  the	  SEBT	  posterolateral	  reach	  and	  the	  contraction	  grading	  average.	  	  The	  fact	  that	  there	  were	  so	  few	  differences	  could	  be	  due	  to	  the	  fact	  that	  more	  than	  50%	  of	  our	  injured	  subjects	  were	  injured	  bilaterally,	  making	  differences	  between	  limbs	  undetectable.	  Previous	  studies	  that	  report	  significant	  differences	  between	  injured	  and	  uninjured	  groups	  used	  varying	  measures,	  but	  their	  injured	  cohorts	  were	  injured	  unilaterally	  as	  opposed	  to	  bilaterally.	  Thomas	  et	  al.56	  found	  that	  in	  post-­‐operative	  ACL	  patients	  the	  injured	  limbs	  were	  significantly	  weaker	  than	  the	  uninjured	  limbs	  6	  months	  post	  surgery.	  Due	  to	  the	  fact	  that	  their	  subjects	  were	  all	  injured	  unilaterally,	  they	  found	  significant	  differences	  between	  limbs.56	  Unilateral	  injuries	  may	  result	  in	  unique	  compensations	  that	  result	  in	  muscle	  weakness	  relative	  to	  bilaterally	  injured	  runners	  but	  further	  research	  is	  needed	  to	  confirm	  this	  hypothesis.	  	  Within	  the	  injured	  subjects	  cohort	  (all	  injured	  within	  the	  last	  three	  years),	  multiple	  significant	  associations	  between	  foot	  core	  function	  and	  running	  characteristics	  stood	  out.	  Injuries	  ranged	  from	  general	  shin	  pain	  and	  MTSS	  to	  stress	  reactions	  and	  stress	  fractures,	  but	  did	  not	  encompass	  all	  possible	  lower	  extremity	  injuries.	  Our	  results	  revealed	  a	  positive	  correlation	  between	  time	  since	  injury	  and	  FAAM-­‐S	  scores,	  with	  greater	  time	  since	  injury	  indicating	  better	  FAAM-­‐S	  scores	  (r=0.587).	  Because	  the	  FAAM-­‐S	  measures	  self-­‐reported	  function	  of	  the	  foot	  and	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ankle,	  more	  healing	  time	  resulted	  in	  better	  function,	  which	  makes	  intuitive	  sense,	  although	  previous	  research	  does	  demonstrate	  that	  injury	  can	  result	  in	  long	  lasting	  dysfunction.2,3,27	  The	  more	  miles	  an	  injured	  subject	  ran	  in	  a	  week,	  the	  less	  navicular	  drop	  they	  experienced	  (r=-­‐0.533).	  Lower	  amounts	  of	  navicular	  drop	  were	  also	  associated	  with	  higher	  mileages	  during	  each	  week’s	  longest	  run	  (r=-­‐0.439).	  However,	  a	  clear	  outlier	  was	  identified	  and	  when	  removed	  the	  revised	  analysis	  noted	  no	  such	  correlation	  (r=-­‐0.198,	  P=0.366).	  Previous	  research	  shows	  navicular	  drop	  as	  a	  factor	  associated	  with	  the	  function	  of	  the	  foot	  intrinsic	  musculature.	  Many	  studies	  show	  intrinsic	  foot	  muscles	  provide	  critical	  support	  to	  the	  MLA	  during	  static	  stance	  (4,27).	  Without	  the	  support	  of	  the	  intrinsic	  musculature,	  the	  navicular	  will	  drop,	  causing	  the	  MLA	  to	  fall,	  leading	  to	  poor	  foot	  posture,	  increased	  stress	  on	  the	  tarsal	  joints,	  hallux	  valgus	  deformity,	  and	  various	  other	  injuries.2,11,12,23,25	  Based	  on	  our	  findings	  and	  previous	  research,	  there	  is	  an	  apparent	  association	  indicating	  that	  running	  more	  miles	  over	  time	  and	  longer	  distances	  at	  one	  time	  can	  help	  to	  reduce	  navicular	  drop,	  likely	  by	  increasing	  the	  strength	  of	  the	  intrinsic	  musculature	  and	  therefore	  preventing	  some	  of	  the	  negative	  effects	  caused	  by	  greater	  amounts	  of	  navicular	  drop.	  Although	  it	  is	  hard	  to	  determine	  if	  more	  running	  strengthens	  muscles	  or	  if	  those	  with	  stronger	  muscles	  can	  run	  further,	  it	  seems	  that	  having	  a	  stronger	  foot	  core	  can	  reduce	  the	  risk	  of	  injury.	  	  The	  thickness	  of	  the	  abductor	  hallucis	  muscle	  was	  increased	  in	  those	  with	  more	  years	  of	  running	  experience	  (r=0.456)	  and	  with	  higher	  numbers	  of	  runs	  in	  a	  week	  (r=0.455).	  At	  the	  same	  time,	  the	  cross	  sectional	  area	  of	  the	  flexor	  digitorum	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brevis	  muscle	  decreased	  with	  an	  increase	  in	  weekly	  mileage	  (r=-­‐0.443).	  While	  greater	  or	  lesser	  thickness	  of	  one	  single	  muscle	  may	  not	  play	  a	  large	  role	  in	  the	  functioning	  of	  the	  entire	  foot,	  previous	  studies	  show	  that	  quadriceps	  muscles	  are	  impacted	  by	  amount	  of	  use,	  and	  that	  strengthening	  of	  muscles	  increases	  their	  size.33	  Although	  we	  looked	  at	  the	  foot	  musculature,	  we	  presume	  that	  they	  follow	  the	  same	  pattern.	  	  One	  possible	  explanation	  for	  this	  is	  that	  if	  the	  abductor	  hallucis	  is	  used	  during	  running,	  increased	  running	  will	  result	  in	  increased	  CSA	  of	  the	  abductor	  hallucis,	  which	  appears	  an	  appropriate	  training	  response.	  The	  decrease	  in	  the	  size	  of	  the	  flexor	  digitorum	  brevis	  muscle	  could	  be	  due	  to	  the	  fact	  that	  it	  is	  not	  activated	  as	  much	  during	  running,	  and	  therefore	  does	  not	  undergo	  as	  much	  hypertrophy	  or	  strengthening.	  It	  is	  also	  possible	  that	  running	  simply	  resulted	  in	  atrophy	  of	  the	  muscle.	  One	  thought	  is	  that	  there	  is	  only	  so	  much	  room	  within	  the	  structure	  of	  the	  foot	  itself,	  and	  in	  order	  to	  keep	  the	  concave	  shape	  of	  the	  plantar	  surface,	  as	  some	  muscles	  others	  must	  simultaneously	  decrease	  in	  size.	  	  	  Another	  possible	  explanation	  could	  be	  due	  to	  compensation.	  Compensation	  could	  also	  account	  for	  the	  increase	  and	  decrease	  in	  various	  muscle	  size,	  with	  an	  overactive	  abductor	  hallucis	  taking	  the	  load	  and	  work	  from	  the	  flexor	  digitorum	  brevis,	  much	  like	  upper	  or	  lower	  cross	  syndrome	  found	  in	  other	  parts	  of	  the	  body.	  This	  is	  supported	  by	  previous	  research	  showing	  that	  intrinsic	  muscle	  dysfunction	  leads	  to	  foot	  misalignment	  such	  as	  pes	  planus	  posture	  and	  hallux	  valgus	  deformity,	  extraneous	  movement	  of	  the	  metatarsals,	  and	  increased	  joint	  pressures	  during	  both	  quiet	  standing	  and	  gait.10	  These	  altered	  kinematics	  and	  increased	  pressures	  within	  the	  foot	  could	  therefore	  account	  for	  the	  muscular	  compensations	  and	  may	  be	  the	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cause	  of	  further	  injury.	  For	  example,	  when	  the	  intrinsic	  musculature	  is	  fatigued,	  it	  does	  not	  function	  properly,	  resulting	  in	  increased	  navicular	  drop	  during	  quiet	  standing.12,27	  Increased	  navicular	  drop	  is	  a	  sign	  of	  MLA	  dysfunction	  and	  is	  associated	  with	  assumption	  of	  increased	  risk	  for	  further	  injury.2,11,12,23,25	  It	  is	  still	  unknown	  whether	  it	  is	  injury	  that	  causes	  weakness	  and	  compensation,	  or	  initial	  weakness	  that	  causes	  compensation	  resulting	  in	  injury.	  This	  elicits	  further	  thoughts	  that	  more	  running	  experience	  could	  increase	  the	  endurance	  of	  the	  foot	  core	  musculature.	  These	  findings	  suggest	  a	  correlation	  between	  various	  running	  characteristics	  and	  measures	  of	  the	  foot	  core,	  but	  due	  to	  the	  fact	  that	  it	  only	  looks	  at	  injured	  subjects,	  more	  research	  needs	  to	  be	  conducted.	  	  	  Future	  studies	  could	  look	  at	  quantifying	  changes	  in	  muscle	  activation,	  strength,	  or	  even	  endurance	  based	  on	  an	  increase	  in	  running	  volume.	  Additionally,	  future	  studies	  should	  include	  both	  injured	  and	  uninjured	  subjects.	  	  	  
Aim 2 Aim	  2	  of	  the	  study	  looked	  into	  relating	  previously	  established	  lower	  extremity	  injury	  screening	  tools	  to	  foot	  core	  performance.	  Based	  on	  our	  study,	  numerous	  associations	  were	  established.	  Within	  injured	  subjects,	  LESS	  scores	  were	  lower	  (better)	  in	  those	  who	  are	  older	  (r=-­‐0.481)	  and	  have	  been	  running	  longer	  (r=-­‐0.496).	  Within	  control	  subjects,	  those	  that	  are	  older	  (r=-­‐0.714),	  run	  more	  miles	  per	  week	  (r=-­‐0.734)	  and	  run	  more	  times	  per	  week	  (r=-­‐0.893)	  score	  better	  (lower)	  on	  the	  LESS.	  While	  its	  hard	  to	  say	  that	  older	  people	  are	  less	  prone	  to	  injury	  than	  younger	  individuals,	  especially	  because	  our	  subjects	  ranged	  in	  age	  from	  19	  to	  32,	  previous	  studies	  have	  shown	  that	  novice	  runners	  are	  more	  prone	  to	  injury	  than	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those	  who	  have	  been	  running	  longer.20	  This	  aligns	  with	  our	  findings,	  as	  we	  had	  runners	  with	  experience	  ranging	  from	  1	  to	  20	  years,	  and	  likely	  the	  longer	  one	  has	  been	  running	  the	  better	  biomechanics	  they	  have	  due	  to	  more	  practice.	  The	  LESS	  in	  particular	  screens	  for	  predisposition	  to	  ACL	  injury	  as	  well	  as	  stress	  fractures,	  which	  allows	  us	  to	  predict	  that	  running	  more	  may	  improve	  some	  of	  the	  mechanics	  involved	  in	  landing	  tasks,	  or	  understand	  that	  those	  who	  choose	  to	  run	  for	  activity	  and	  fitness	  have	  better	  biomechanics	  in	  general.54	  While	  the	  foot	  core	  is	  not	  directly	  screened	  in	  LESS	  testing,	  the	  LESS	  was	  included	  in	  this	  study	  for	  its	  ability	  to	  screen	  for	  potential	  increased	  risk	  for	  lower	  extremity	  injury.54	  Although	  our	  results	  for	  this	  portion	  don’t	  look	  specifically	  at	  the	  foot	  core	  (i.e.	  specific	  foot	  core	  outcomes	  didn’t	  correlate	  to	  the	  LESS),	  it	  seems	  that	  running	  can	  link	  the	  two.	  It	  seems	  that	  running	  aids	  in	  strengthening	  the	  foot	  core	  musculature	  and	  increases	  performance	  on	  LESS	  testing.	  Both	  factors	  (strengthening	  and	  LESS	  performance)	  have	  been	  proven	  in	  numerous	  studies	  prior	  to	  this	  one	  and	  as	  a	  result	  one	  would	  hypothesize	  that	  those	  with	  stronger	  foot	  intrinsic	  musculature	  will	  score	  better	  on	  the	  LESS	  and	  be	  less	  prone	  to	  developing	  injury,	  however	  further	  research	  needs	  to	  be	  conducted.	  	  	  The	  SEBT	  and	  static	  balancing	  tasks	  are	  both	  postural	  control	  measures	  that	  are	  able	  to	  highlight	  risk	  factors	  and	  predisposition	  to	  injury,	  and	  movement	  quality	  as	  a	  biomechanical	  risk	  factor	  potentially	  leading	  to	  lower	  extremity	  injury.14	  Our	  study	  found	  that	  the	  strength	  of	  the	  flexor	  digitorum	  muscles	  had	  a	  significant	  impact	  on	  the	  posterolateral	  (r=0.485)	  and	  posteromedial	  (r=0.455)	  reaches	  of	  the	  SEBT.	  	  More	  specifically,	  greater	  muscle	  strength	  was	  associated	  with	  greater	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normalized	  reach	  distances.	  This	  appears	  to	  be	  consistent	  with	  research	  that	  demonstrated	  isolated	  strengthening	  of	  the	  intrinsic	  musculature	  resulted	  in	  better	  SEBT	  scores.26	  However,	  we	  also	  found	  that	  a	  greater	  posterolateral	  reach	  was	  associated	  with	  lesser	  thickness	  of	  both	  the	  contracted	  (r=-­‐0.567)	  and	  relaxed	  (r=-­‐0.576)	  states	  of	  the	  flexor	  digitorum	  brevis	  muscle.	  Before	  we	  can	  draw	  conclusions	  however,	  we	  must	  look	  at	  the	  big	  picture,	  which	  includes	  static	  balance.	  Those	  with	  a	  thicker	  (r=0.364)	  and	  greater	  CSA	  (r=0.488)	  of	  their	  flexor	  hallucis	  brevis	  muscle	  demonstrated	  greater	  path	  velocities	  (worse	  balance)	  during	  static	  balance	  tasks	  with	  their	  eyes	  open.	  	  The	  results	  of	  our	  dynamic	  portion	  of	  balance	  testing	  shows	  that	  those	  with	  smaller	  intrinsic	  foot	  muscles	  score	  better	  on	  dynamic	  tasks,	  while	  the	  results	  of	  our	  static	  portion	  of	  balance	  testing	  show	  that	  those	  with	  larger	  foot	  intrinsic	  muscles	  perform	  worse.	  Extrinsic	  muscles	  are	  responsible	  for	  powerful	  motions,	  support	  for	  the	  transverse	  arch	  of	  the	  foot,	  and	  are	  active	  during	  both	  functional	  activity	  and	  static	  stance.10	  Similarly,	  intrinsic	  foot	  muscles	  are	  active	  during	  both	  functional	  activity	  and	  static	  stance,	  however	  they	  are	  responsible	  for	  supporting	  the	  MLA	  and	  the	  numerous	  intrinsic	  muscles	  within	  the	  foot	  core	  work	  together	  to	  increase	  the	  stability	  and	  provide	  the	  smaller	  movements	  of	  the	  foot	  in	  adjustments	  to	  the	  demands	  placed	  on	  it.2,3,25-­‐28	  It	  is	  also	  noted	  in	  the	  literature	  that	  for	  the	  foot	  to	  function	  properly	  and	  efficiently,	  the	  intrinsic	  and	  extrinsic	  musculature	  must	  work	  together.25	  	  	  This	  may	  help	  to	  explain	  our	  findings,	  as	  smaller	  intrinsic	  muscles	  may	  allow	  for	  greater	  size	  of	  the	  extrinsic	  muscles,	  which	  are	  needed	  to	  perform	  well	  on	  the	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SEBT	  and	  other	  dynamics	  tasks.	  Further,	  previous	  research	  by	  Lynn,	  Padilla,	  and	  Tsang26	  also	  found	  that	  strengthening	  the	  intrinsic	  foot	  musculature	  increases	  scores	  on	  the	  SEBT.	  	  Other	  studies	  have	  also	  shown	  that	  training	  the	  foot	  core	  results	  in	  greater	  strength	  and	  therefore	  greater	  CSA	  of	  various	  intrinsic	  muscles.32,34	  However,	  no	  data	  has	  demonstrated	  the	  effects	  of	  short	  foot	  exercises	  on	  extrinsic	  musculature	  size.	  This	  may	  support	  the	  importance	  of	  proper	  functioning	  of	  both	  types	  of	  musculature	  within	  the	  foot,	  and	  an	  appropriate	  balance	  of	  muscle	  size	  and	  strength	  to	  ensure	  proper	  biomechanics.	  	  A	  lesser-­‐used	  way	  to	  evaluate	  foot	  core	  function	  is	  to	  look	  at	  the	  contraction	  grading	  ability	  of	  individuals	  during	  a	  static	  balance	  task.	  This	  technique	  was	  developed	  by	  Jam	  et	  al.	  and	  looks	  specifically	  at	  compensatory	  motion	  of	  the	  navicular	  and	  extrinsic	  muscles	  of	  the	  foot	  during	  a	  single	  leg	  balance	  task.23	  It	  doesn’t	  provide	  for	  specifics	  about	  the	  intrinsic	  musculature,	  but	  allows	  clinicians	  to	  determine	  compensations	  by	  the	  extrinsic	  muscles	  as	  well	  as	  the	  lack	  of	  ability	  to	  hold	  the	  navicular	  and	  MLA	  steady	  during	  balance.23	  It	  is	  also	  important	  to	  note	  that	  the	  reliability	  of	  this	  measure	  remains	  unknown.	  Our	  findings	  show	  that	  those	  with	  worse	  contraction	  grading	  classifications	  (higher	  numbers	  of	  errors	  demonstrated)	  had	  greater	  abductor	  hallucis	  thickness	  (ρ=0.398)	  and	  greater	  flexor	  digitorum	  brevis	  thickness	  (ρ=0.452).	  While	  our	  findings	  are	  contradictory	  to	  other	  studies	  showing	  that	  larger	  muscles	  lead	  to	  greater	  strength	  and	  stability,	  other	  previous	  studies	  explain	  the	  need	  for	  both	  types	  of	  musculature	  to	  ensure	  proper	  mechanics	  and	  prevention	  of	  injury.10,11,25	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Although	  more	  research	  needs	  to	  be	  done,	  we	  can	  use	  this	  information	  to	  draw	  connections	  between	  balance	  testing	  and	  prediction	  of	  lower	  extremity	  injury.	  Single	  leg	  balance	  has	  previously	  been	  used	  to	  predict	  lower	  extremity	  injury	  in	  athletes,	  and	  previous	  research	  shows	  that	  plantar	  intrinsic	  foot	  muscle	  recruitment	  acts	  in	  response	  to	  postural	  demands.11,40	  Because	  balance	  relies	  on	  a	  stable	  foot,	  we	  know	  that	  those	  with	  poor	  balance	  are	  working	  from	  an	  unstable	  base	  of	  support,	  potentially	  due	  to	  poor	  intrinsic	  foot	  musculature,	  or	  lack	  of	  coordination	  between	  intrinsic	  and	  extrinsic	  musculature.	  Therefore,	  our	  results	  combined	  with	  other	  findings	  within	  the	  literature	  show	  that	  the	  size,	  strength,	  and	  endurance	  of	  the	  intrinsic	  foot	  musculature	  is	  critical	  to	  balance,	  and	  poor	  results	  on	  static	  balance	  testing	  could	  reveal	  a	  need	  to	  strengthen	  the	  foot	  intrinsic	  musculature	  to	  ensure	  proper	  functioning	  of	  the	  foot	  and	  its	  ability	  to	  meet	  the	  demands	  placed	  on	  it.2,3,10,26,27	  Although	  not	  a	  test	  to	  look	  for	  predisposition	  to	  injury,	  we	  also	  compared	  muscle	  strength	  to	  the	  ability	  to	  complete	  a	  short	  foot	  exercise.	  The	  short	  foot	  exercise	  was	  specifically	  designed	  to	  activate	  and	  increase	  the	  strength	  of	  the	  foot	  intrinsic	  musculature	  and	  has	  proven	  to	  increase	  the	  size	  of	  the	  abductor	  hallucis	  muscle.3,10,28,34	  Our	  study	  found	  that	  those	  who	  performed	  better	  on	  their	  short	  foot	  contractions,	  which	  were	  given	  a	  classification	  based	  on	  ability,	  	  (identified	  for	  statistics	  purposes	  as	  a	  lower	  score)	  also	  had	  greater	  CSA	  of	  their	  flexor	  digitorum	  brevis	  (ρ=-­‐0.416)	  and	  flexor	  hallucis	  brevis	  muscles	  (ρ=-­‐0.505),	  as	  well	  as	  greater	  thickness	  of	  their	  flexor	  digitorum	  brevis	  (ρ=-­‐0.600).	  Our	  findings	  are	  consistent	  with	  those	  of	  many	  other	  researchers,	  indicating	  that	  the	  short	  foot	  exercises	  do	  in	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fact	  activate	  the	  intrinsic	  foot	  musculature.2,3,10,23,26,28,34,57,58	  It	  is	  also	  important	  to	  note	  that	  this	  was	  often	  the	  first	  time	  that	  subjects	  were	  learning	  to	  complete	  short	  foot	  contractions,	  which	  may	  have	  an	  impact	  on	  the	  data	  for	  multiple	  reasons,	  including	  completing	  the	  contraction	  improperly	  or	  involvement	  of	  overactive	  extrinsic	  muscles.	  While	  larger	  extrinsic	  muscles	  are	  not	  good	  for	  the	  fine	  motor	  movements	  needed	  to	  correct	  balance,	  their	  anatomical	  locations	  can	  help	  to	  raise	  the	  arch	  and	  shorten	  the	  foot,	  which	  may	  cause	  them	  to	  activate	  during	  short	  foot	  contractions.10	  Training	  the	  foot	  core	  using	  short	  foot	  contractions	  has	  proven	  to	  increase	  the	  strength	  and	  ability	  of	  the	  intrinsic	  musculature,	  and	  although	  our	  results	  don’t	  identify	  cause	  and	  effect,	  it	  is	  important	  to	  note	  that	  extrinsic	  muscles	  may	  additionally	  be	  activated	  during	  short	  foot	  contractions,	  much	  like	  they	  are	  used	  in	  conjunction	  with	  the	  intrinsic	  musculature	  during	  functional	  activities.2,3,10,28,34	  	  
Limitations 
	   It	  is	  important	  to	  keep	  in	  mind	  that	  this	  study	  was	  conducted	  on	  subjects	  who	  were	  mostly	  female,	  and	  therefore	  our	  data	  may	  not	  generalize	  to	  males.	  Further,	  we	  must	  also	  note	  that	  many	  of	  the	  subjects	  ran	  varying	  average	  distances	  of	  5	  to	  40	  miles	  per	  week,	  in	  comparison	  to	  previous	  studies	  in	  the	  literature	  that	  have	  solely	  looked	  at	  distance	  runners	  (classifying	  distance	  runners	  as	  running	  anywhere	  from	  20	  miles	  or	  more	  per	  week	  to	  40	  miles	  or	  more	  per	  week).	  In	  order	  to	  find	  more	  detailed	  data	  and	  to	  truthfully	  prove	  that	  distance	  runners	  have	  stronger	  foot	  core	  musculature,	  more	  research	  should	  be	  collected	  with	  distance	  runners	  and	  short	  distance	  runners.	  This	  study	  also	  looked	  at	  raw	  strength	  and	  raw	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measures	  of	  muscle	  thickness	  and	  volume.	  Outcomes	  may	  change	  if	  strength	  is	  normalized	  to	  mass	  and	  muscle	  size	  is	  normalized	  to	  some	  variation	  of	  the	  subjects’	  height.	  This	  is	  a	  potential	  area	  for	  further	  research.	  	  As	  previously	  stated,	  this	  study	  looked	  at	  group	  differences	  and	  based	  on	  study	  design	  can’t	  determine	  cause	  and	  effect.	  The	  last	  thing	  to	  note	  is	  that	  many	  of	  the	  tests	  and	  measurements	  used	  in	  this	  study	  are	  relatively	  new	  methods	  and	  their	  reliability	  and	  validity	  has	  not	  been	  fully	  established.	  	  
Clinical Implications It	  seems	  apparent	  that	  more	  research	  needs	  to	  be	  done	  before	  we	  can	  use	  measurements	  of	  the	  foot	  musculature	  to	  aid	  in	  determining	  predisposition	  to	  injury	  clinically.	  However,	  we	  were	  able	  to	  determine	  that	  static	  balance	  tasks	  may	  provide	  clinicians	  with	  some	  insight	  into	  the	  abilities	  of	  the	  foot	  core.	  These	  tasks	  are	  simple	  to	  complete	  and	  don’t	  take	  many	  resources	  other	  than	  time.	  If	  ultrasound	  testing	  were	  to	  become	  more	  available	  clinicians,	  our	  study	  along	  with	  others	  such	  as	  Maughan	  et	  al.33	  and	  Jung	  et	  al.34	  demonstrate	  that	  it	  is	  an	  efficient,	  while	  Battaglia	  et	  al.59	  demonstrate	  it	  is	  a	  reliable	  way	  to	  examine	  foot	  musculature	  size.	  Findings	  from	  this	  could	  then	  be	  compared	  to	  history	  of	  injury	  or	  ELRP	  and	  easily	  allow	  clinicians	  to	  implement	  strengthening	  programs	  for	  the	  intrinsic	  musculature.	  Since	  those	  who	  ran	  more	  seemed	  to	  have	  stronger	  and/or	  larger	  musculature	  also	  seemed	  to	  perform	  better	  on	  various	  balance	  tasks	  regardless	  of	  the	  fact	  that	  they	  had	  been	  injured,	  there	  is	  an	  indication	  that	  specific	  training	  of	  the	  foot	  core	  can	  further	  help	  to	  help	  strengthen	  musculature	  and	  prevent	  injury.	  While	  we	  do	  not	  know	  which	  came	  first,	  the	  injury	  or	  the	  stronger	  muscles,	  it	  is	  easy	  for	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clinicians	  to	  implement	  and	  oversee	  prevention	  or	  rehab	  programs	  that	  could	  have	  an	  impact.	  McKeon	  et	  al.2,10,	  Jung	  et	  al.34,	  and	  Hashimoto	  et	  al.57,	  all	  have	  developed	  various	  tasks	  and	  training	  programs	  that	  aid	  in	  strengthening	  the	  intrinsic	  foot	  musculature.	  It	  is	  also	  important	  for	  clinicians	  to	  treat	  injury	  properly	  when	  it	  does	  occur,	  and	  it	  is	  important	  to	  keep	  in	  mind	  that	  training	  the	  foot	  core	  may	  be	  a	  large	  component	  of	  that.	  Although	  not	  what	  we	  initially	  set	  out	  to	  look	  at,	  it	  is	  also	  important	  to	  note	  that	  synchronous	  activation	  of	  the	  foot	  intrinsic	  musculature	  as	  well	  as	  activation	  and	  support	  from	  the	  extrinsic	  foot	  musculature	  is	  important	  in	  the	  process	  of	  creating	  a	  stable	  base	  for	  the	  body	  regardless	  of	  the	  task.	  When	  both	  systems	  aren’t	  working	  properly	  or	  aren’t	  working	  together,	  we	  face	  issues	  that	  can	  result	  in	  injury.	  Clinically,	  this	  is	  very	  similar	  to	  when	  we	  see	  muscle	  imbalances	  in	  the	  upper	  extremity	  with	  posture	  that	  lead	  to	  injury,	  and	  in	  the	  lower	  extremity	  with	  quad	  to	  hamstring	  ratio	  and	  increased	  injury	  risk.	  Just	  like	  with	  those	  issues,	  taking	  a	  short	  time	  to	  evaluate	  and	  train	  the	  foot	  core,	  we	  may	  be	  able	  to	  make	  an	  impact	  in	  prevention	  of	  injury	  or	  further,	  and/or	  returning	  to	  full	  function.	  Adding	  exercise	  to	  a	  rehabilitation	  or	  prevention	  program	  is	  quick	  and	  easy	  for	  clinicians	  to	  do,	  and	  will	  likely	  have	  as	  lasting	  impact.	  	  
Conclusions Overall,	  our	  findings	  report	  few	  differences	  between	  the	  foot	  core	  of	  subjects	  who	  have	  experienced	  exercise	  related	  leg	  pain	  and	  those	  who	  have	  not,	  the	  only	  difference	  being	  individuals	  with	  exercise-­‐related	  leg	  pain	  demonstrated	  lesser	  CSA	  and	  contracted	  thickness	  of	  the	  flexor	  hallucis	  brevis	  muscle	  as	  compared	  to	  
	   90	  
uninjured	  controls.	  Further,	  we	  now	  understand	  that	  the	  intrinsic	  foot	  musculature	  is	  important	  in	  stabilizing	  the	  foot	  during	  quiet	  standing	  balance	  tasks,	  while	  the	  extrinsic	  foot	  musculature	  is	  better	  at	  facilitating	  the	  gross	  motor	  movements	  utilized	  in	  dynamic	  balance	  tasks.	  While	  there	  were	  limited	  associations	  with	  current	  lower	  extremity	  screening	  tools,	  we	  were	  able	  to	  see	  that	  balance	  testing	  not	  only	  allows	  us	  to	  screen	  for	  predisposed	  lower	  extremity	  injury	  risk,	  but	  also	  may	  allow	  us	  some	  insight	  into	  the	  foot	  core	  musculature.	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APPENDIX A: CONSENT FORM 
University of North Carolina at Chapel Hill 
Consent to Participate in a Research Study 
Adult Participants  
Consent Form Version Date: 6-29-2016 
IRB Study # 16-1616 
Title of Study: The Foot Core Musculature and Exercise Related Leg Pain in Runners 
Principal Investigator: Aliza Nedimyer 
Principal Investigator Department: Exercise and Sport Science 
Principal Investigator Phone number: (919) 962-0369 
Principal Investigator Email Address: askamman@live.unc.edu  
Faculty Advisor: Erik Wikstrom 
Faculty Advisor Contact Information: (919) 962-2260 
_________________________________________________________________ 
What are some general things you should know about research studies? 
You are being asked to take part in a research study.  To join the study is voluntary. 
You may refuse to join, or you may withdraw your consent to be in the study, for any 
reason, without penalty. 
 
Research studies are designed to obtain new knowledge. This new information may help 
people in the future. You may not receive any direct benefit from being in the research 
study. There also may be risks to being in research studies. Deciding not to be in the 
study or leaving the study before it is done will not affect your relationship with the 
researcher, your health care provider, or the University of North Carolina-Chapel Hill. If 
you are a patient with an illness, you do not have to be in the research study in order to 
receive health care. 
 
Details about this study are discussed below.  It is important that you understand this 
information so that you can make an informed choice about being in this research study.  
 
You will be given a copy of this consent form.  You should ask the researchers named 
above, or staff members who may assist them, any questions you have about this study at 
any time. 
 
What is the purpose of this study? 
Exercise related leg pain is the most common injury sustained during running. How 
exactly these injuries occur and what makes some individuals more prone to sustaining 
injuries than others is not completely understood. However, research shows that the 
function of the foot muscles may play a role. The purpose of this study is to evaluate the 
foot musculature (foot core) in various ways and look at its relationship to exercise 
related leg pain.  We also want to compare the foot core to other lower extremity injury 
screening tools. You are being asked to be in the study because you are an active runner 
who is either a healthy individual with no history of exercise related leg pain or an 
individual who has experienced exercise related leg pain.   
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What if you are a UNC student? 
You may choose not to be in the study or to stop being in the study before it is over at 
any time.  This will not affect your class standing or grades at UNC-Chapel Hill.  You 
will not be offered or receive any special consideration if you take part in this research. 
What if you are a UNC student athlete? 
You may choose not to be in the study or to stop being in the study before it is over at 
any time.  This will not affect your class standing or grades at UNC-Chapel Hill or your 
standing within your team. You will not be offered or receive any special consideration if 
you take part in this research.  
What if you are a UNC employee? 
Taking part in this research is not a part of your University duties, and refusing will not 
affect your job. You will not be offered or receive any special job-related consideration if 
you take part in this research. 
Are there any reasons you should not be in this study? 
You should not be in this study as a healthy control if you: 
1) Are between 18 & 45 years of age 
2) Are free from a history of exercise related leg pain 
3) Are free from current symptomatic lower extremity or head injuries 
4) Are an active runner (running at least 5-10 miles per week for 4 weeks or more) 
 
You should be in this study as an individual with exercise related leg pain if you: 
1) Are between 18 & 45 years of age 
2) Have a history of exercise related leg pain 
3) Are free from current lower extremity or head injuries that are symptomatic at rest. 
4) Are an active runner (running at least 5-10 miles per week for 4 weeks or more) or 
were an active runner that had to stop running due to exercise related leg pain that is only 
symptomatic when running. 
 
 
How many people will take part in this study? 
There will be approximately 70 people in this research study. 
 
How long will your part in this study last? 
You have already completed a 10-minute survey.  Now that you are eligible, you will be 
asked to attend one testing session that will last approximately 1 hour. There are no 
follow-up meetings that are required. 
 
What will happen if you take part in the study? 
You will be asked to report to the Sports Medicine Research Laboratory (Fetzer Hall) on 
the UNC-CH campus.  When you arrive to the laboratory, you will first complete a series 
of brief assessments.  Each of these assessments will be demonstrated for you and you 
will be allowed to practice them.  The first will be the measurement of navicular drop. 
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This determines how much your navicular bone (inside of your foot) moves as you go 
from a seated to a standing position.  
After this you will be taught how to complete short foot contractions (shorten your foot 
without moving your toes). You will be seated on a box with your foot flat on the ground. 
After the contraction is explained to you, you will make several attempts to shorten your 
foot. You will complete three practice trials prior to three test trials, which will be held 
for three seconds each.  
Following this, strength measurements of your toes will be taken. In a seated position you 
will be asked to place your foot on the edge of a platform and flex your toes over a 
special testing device for three seconds. You will complete this task three times while we 
measure the strength of your big toe and three times while we measure the strength of 
your smaller toes.  
Next, you will be asked to stand on one foot, approximately two feet in front of a wall. 
Your fingertips will be placed on the on the wall for balance, if needed, but you should 
not bear weight with your fingers. You will be asked to look directly in front of you with 
your eyes open for the duration of the trial. You will balance for 30 seconds while we 
record the motion of your foot with a camera phone. You will complete three trials on 
each foot, and each trial will be videotaped. If you lose your balance or place your other 
foot down, we will simply repeat the trial. 
Next, you will complete the Star Excursion Balance Test (SEBT). You will complete 
three different trials in three different directions on each foot. For this test you will begin 
by standing on both feet in the center of the star. From here you will reach out with one 
foot as far you can in each direction along a tape measure. You are not allowed to apply 
weight to your reach leg or let your stance heel come off the ground. Once you have 
reached as far as possible and tapped the tape measure with your great toe, you must 
return to the starting position. If you fail to complete a trial don’t worry, we will simply 
repeat it.  
Next, you will be asked to stand on a single leg on a device that measures your balance 
with your hands placed on your hips. Three ten second trials on each leg will be 
completed with eyes open and then with eyes closed. A failed trial occurs if you touched 
down with the non-stance limb during the trial.  If this happens, we will repeat the trial. 
 
Next, you will complete a drop landing task. You will complete the task by standing on a 
30-cm-high box placed at a distance of 3 feet from a marker on the floor designating a 
landing zone. You will then be asked to jump out from the box to the landing zone. After 
landing you will them immediately jump straight up as high as you can. You will 
complete 3 trials, which will be recorded by a camera.  
 
The last part of testing includes taking ultrasound images of your feet. During this part of 
testing you will be asked to stand on a box and position your foot over a small cut out 
hole.  We will press the ultrasound probe against the bottom of your foot while you are 
standing.  In addition, we will apply a gel substance to the bottom of your foot so that we 
can get a better picture.  After each set of pictures, we will have you rotate your position 
on the box so that we can get pictures of different muscles.  
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The research team would also like to keep your contact information, without links to your 
study ID, in case you are eligible for future investigations.  You do not need to let us keep 
your contact information to participate in this study.   
Can we keep your contact information (Circle one)? YES         NO 
 
The research team would also like to keep your data, without links to your name, 
to perform additional analyses in the future.  You do not need to let us keep your 
data for future secondary analysis to participate in this study.   
Can we keep your data for additional analyses (Circle one)? YES         NO 
 
What are the possible benefits from being in this study? 
Research is designed to benefit society by gaining new knowledge.  You will not benefit 
personally from being in this research study. 
 
What are the possible risks or discomforts involved from being in this study? 
The risks associated with participation in this research study are minimal and highly 
unlikely.  While the potential exists for you to be injured during the various assessments, 
this is highly unlikely because you are a young individual. You may experience some 
fatigue and soreness while completing the balance trials and strength testing tasks, but 
any such discomfort would likely be mild and should resolve soon after the trials have 
been completed.   There may be uncommon or previously unknown risks from 
participating in this study.  You should report any problems to the researcher. 
 
What are the risks to a pregnancy or to a nursing child? 
The risks associated with participation in this research study are minimal but pregnancy 
does impair balance and therefore you may be at a higher risk for falling while 
completing the balance assessments. You may experience some fatigue and soreness 
while completing the balance trials, but any such discomfort would likely be mild and 
should resolve soon after the trials have been completed. There may be uncommon or 
previously unknown risks from participating in this study. You should report any 
problems to the researcher. 
 
What if we learn about new findings or information during the study?  
You will be given any new information gained during the course of the study that might 
affect your willingness to continue your participation.  
 
How will information about you be protected? 
Any information obtained in connection with this research study that can be linked to you 
will remain confidential. You will be identified only by a subject identification number.  
A code list that associates your name and information with a subject identification 
number will be kept under key-card access on a password-protected computer in the 
Sports Medicine Research Laboratory, and will be destroyed when the study is 
completed.  
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Participants will not be identified in any report or publication about this study. Although 
every effort will be made to keep research records private, there may be times when 
federal or state law requires the disclosure of such records, including personal 
information.  This is very unlikely, but if disclosure is ever required, UNC-Chapel Hill 
will take steps allowable by law to protect the privacy of personal information.  In some 
cases, your information in this research study could be reviewed by representatives of the 
University, research sponsors, or government agencies (for example, the FDA) for 
purposes such as quality control or safety. 
 
What will happen if you are injured by this research? 
All research involves a chance that something bad might happen to you.  This may 
include the risk of personal injury. In spite of all safety measures, you might develop a 
reaction or injury from being in this study. If such problems occur, the researchers will 
help you get medical care, but any costs for the medical care will be billed to you and/or 
your insurance company. The University of North Carolina at Chapel Hill has not set 
aside funds to pay you for any such reactions or injuries, or for the related medical care. 
You do not give up any of your legal rights by signing this form. 
 
What if you want to stop before your part in the study is complete? 
You can withdraw from this study at any time, without penalty.  The investigators also 
have the right to stop your participation at any time. This could be because you have had 
an unexpected reaction, or have failed to follow instructions, or because the entire study 
has been stopped. 
 
Will you receive anything for being in this study? 
You will not receive anything for being in this study. 
Will it cost you anything to be in this study? 
It will not cost you anything to be in this study.  
 
What if you have questions about this study? 
You have the right to ask, and have answered, any questions you may have about this 
research. If you have questions about the study, complaints, concerns, or if a research-
related injury occurs, you should contact the researchers listed on the first page of this 
form. 
 
What if you have questions about your rights as a research participant? 
All research on human volunteers is reviewed by a committee that works to protect your 
rights and welfare.  If you have questions or concerns about your rights as a research 
subject, or if you would like to obtain information or offer input, you may contact the 
Institutional Review Board at 919-966-3113 or by email to IRB_subjects@unc.edu. 
  
Participant’s	  Agreement:	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I	  have	  read	  the	  information	  provided	  above.	  	  I	  have	  asked	  all	  the	  questions	  I	  have	  at	  this	  time.	  	  I	  voluntarily	  agree	  to	  participate	  in	  this	  research	  study. 
  
 
____________________________________________________ 
Signature of Research Participant 
 
________________ 
Date 
 
______________________________________________________ 
Printed Name of Research Participant 
  
 
____________________________________________________ 
Signature of Research Team Member Obtaining Consent 
 
_________________ 
Date 
 
______________________________________________________ 
Printed Name of Research Team Member Obtaining Consent 
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APPENDIX B: QUESTIONNAIRE 	  Thesis	  Questionnaire	  	  Q60	  Welcome	  to	  the	  Foot	  Core	  and	  Exercise	  Related	  Leg	  Pain	  Study.	  If	  you	  are	  eligible	  to	  participate	  in	  this	  study,	  you	  will	  be	  scheduled,	  based	  on	  your	  availability,	  for	  a	  60	  minute	  test	  session	  on	  the	  UNC	  Chapel	  Hill	  campus.	  	  This	  investigation	  is	  being	  conducted	  by	  Aliza	  Nedimyer,	  a	  Masters	  degree	  candidate	  in	  the	  Department	  of	  Exercise	  and	  Sport	  Sciences.	  	  The	  foot	  core	  is	  made	  up	  of	  the	  intrinsic	  muscles	  of	  the	  foot,	  as	  well	  as	  the	  bones,	  ligaments,	  and	  neural	  structures	  that	  can	  be	  found	  within	  the	  foot.	  The	  foot	  core	  is	  responsible	  for	  aiding	  in	  maintaining	  the	  posture	  of	  the	  foot,	  creating	  propulsion	  forces	  during	  gait	  mechanics,	  and	  providing	  a	  stable	  base	  of	  support	  for	  the	  body.	  	  The	  discovery	  and	  development	  of	  the	  foot	  core	  has	  led	  to	  numerous	  break-­‐throughs	  in	  rehabilitation	  following	  injury	  and	  improvements	  in	  balance.	  	  Subsequently,	  those	  participating	  in	  physical	  activity,	  especially	  activities	  that	  are	  or	  involve	  a	  great	  deal	  of	  running	  often	  suffer	  from	  shin	  pain	  and	  lower	  leg	  injury.	  These	  pains	  and	  injuries	  can	  vary	  in	  type	  and	  severity,	  but	  all	  have	  an	  impact	  on	  biomechanics.	  Whether	  the	  abilities	  of	  the	  foot	  core	  within	  those	  who	  have	  suffered	  shin	  pain	  and	  lower	  leg	  injury	  and	  those	  who	  have	  no	  had	  such	  issues	  is	  unknown.	  	  The	  purpose	  of	  this	  research	  study	  is	  to	  determine	  whether	  or	  not	  a	  relationship	  exists	  between	  the	  abilities	  of	  the	  foot	  core	  and	  shin	  pain/lower	  leg	  injury.	  	  Due	  to	  the	  nature	  of	  study,	  there	  are	  a	  series	  of	  questions	  that	  you	  will	  be	  asked	  to	  determine	  if	  you	  are	  eligible	  to	  participate	  in	  this	  study.	  If	  you	  do	  not	  feel	  comfortable	  answering	  these	  questions	  through	  the	  Qualtrics	  online	  survey	  system,	  or	  if	  you	  have	  any	  questions	  while	  completing	  the	  survey,	  please	  email	  Aliza	  Kamman	  at	  askamman@live.unc.edu	  with	  'Foot	  Core'	  in	  the	  subject.	  This	  survey	  should	  take	  no	  longer	  than	  10	  minutes	  of	  your	  time	  and	  will	  ask	  about	  your	  history	  of	  activity,	  previous	  injury,	  and	  functional	  limitations	  (if	  any)	  due	  to	  your	  injuries.	  We	  will	  also	  need	  you	  to	  provide	  your	  name	  and	  an	  email	  address	  so	  that	  we	  can	  contact	  you	  if	  you	  are	  eligible.	  	  Are	  you	  willing	  to	  answer	  these	  questions?	  
• Yes	  (1)	  
• No	  (2)	  If	  No	  Is	  Selected,	  Then	  Skip	  To	  End	  of	  Survey	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Answer	  If	  Welcome	  to	  the	  EEG	  Research	  in	  Kinesiology	  (ERIK)	  study!	  	  If	  you	  are	  eligible,	  you	  will	  be	  scheduled	  based	  on	  your	  availability	  to	  participate	  in	  an	  approximately	  two	  hour	  laboratory	  session	  in	  Cam...	  Yes	  Is	  Selected	  Q62	  In	  order	  for	  Aliza	  Kamman	  or	  one	  of	  her	  research	  assistants	  to	  contact	  you	  and	  to	  let	  you	  know	  if	  you	  are	  eligible,	  you	  must	  provide	  your	  name	  and	  email	  address.	  You	  must	  provide	  your	  '@unc.edu'	  email	  address	  as	  we	  are	  unable	  to	  respond	  to	  emails	  from	  personal	  accounts.	  Once	  your	  eligibility	  is	  determined	  and	  Aliza	  or	  her	  research	  assistant	  has	  emailed	  you,	  your	  survey	  response	  will	  be	  downloaded	  onto	  a	  password	  protected	  computer	  and	  the	  online	  copy	  of	  your	  response	  will	  be	  deleted	  to	  protect	  your	  anonymity.	  All	  responses	  will	  remain	  private!	  Name	  (1)	  email	  (2)	  	  Q66	  In	  order	  to	  match	  participants	  based	  on	  age,	  body	  type,	  and	  physical	  activity	  levels,	  we	  will	  ask	  you	  a	  series	  of	  questions.	  As	  with	  your	  email	  address,	  this	  information	  will	  remain	  private!	  	  Q65	  Age	  	  Q67	  Weight	  (pounds)	  	  Q68	  Height	  (e.g.	  6'	  4")	  	  Q98	  Have	  you	  ever	  experienced	  exercise	  related	  leg	  pain?	  
• Yes	  (1)	  
• No	  (2)	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Answer	  If	  Have	  you	  ever	  experienced	  a	  lower	  leg,	  ankle,	  or	  foot	  injury?	  Yes	  Is	  Selected	  Q99	  Which	  of	  the	  following	  running	  related	  injuries	  have	  you	  experienced?	  	   Right	  Limb	  (1)	   Left	  Limb	  (2)	  General	  Shin	  Pain	  (1)	   • 	   • 	  Anterior	  Shin	  Pain	  (2)	   • 	   • 	  Medial	  Shin	  Pain	  (3)	   • 	   • 	  Posterior	  Shin	  Pain	  (4)	   • 	   • 	  Lateral	  Shin	  Pain	  (5)	   • 	   • 	  MTSS	  (Shin	  Splints)	  (6)	   • 	   • 	  Stress	  Facture	  (Tibia)	  (7)	   • 	   • 	  Stress	  Reaction	  (Tibia)	  (8)	   • 	   • 	  Stress	  Fracture	  (Fibula)	  (9)	   • 	   • 	  Stress	  Reaction	  (Fibula)	  (10)	   • 	   • 	  Compartment	  Syndrome	  (11)	   • 	   • 	  Other	  (12)	   • 	   • 	  	  	  Answer	  If	  Have	  you	  ever	  experienced	  a	  lower	  leg,	  ankle,	  or	  foot	  injury?	  Yes	  Is	  Selected	  Q104	  Which	  of	  the	  following	  running	  related	  injuries	  have	  you	  experienced?	  	   Right	  Limb	  (1)	   Left	  Limb	  (2)	  General	  Shin	  Pain	  (1)	   • 	   • 	  Anterior	  Shin	  Pain	  (2)	   • 	   • 	  Medial	  Shin	  Pain	  (3)	   • 	   • 	  Posterior	  Shin	  Pain	  (4)	   • 	   • 	  Lateral	  Shin	  Pain	  (5)	   • 	   • 	  MTSS	  (Shin	  Splints)	  (6)	   • 	   • 	  Stress	  Facture	  (Tibia)	  (7)	   • 	   • 	  Stress	  Reaction	  (Tibia)	  (8)	   • 	   • 	  Stress	  Fracture	  (Fibula)	  (9)	   • 	   • 	  Stress	  Reaction	  (Fibula)	  (10)	   • 	   • 	  Compartment	  Syndrome	  (11)	   • 	   • 	  Other	  (12)	   • 	   • 	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Q103	  Have	  you	  ever	  experienced	  foot	  pain	  or	  injury?	  	   Right	  Foot	  (1)	   Left	  Foot	  (2)	  General	  Foot	  Pain	  (1)	   • 	   • 	  Stress	  Fracture	  (2)	   • 	   • 	  Plantar	  Fasciitis	  (3)	   • 	   • 	  Other	  (4)	   • 	   • 	  	  	  Answer	  If	  Have	  you	  ever	  experienced	  a	  lower	  leg,	  ankle,	  or	  foot	  injury?	  Yes	  Is	  Selected	  Q102	  How	  long	  ago	  (in	  months)	  did	  you	  experience	  this	  pain,	  injury	  or	  injuries?	  	  Answer	  If	  Have	  you	  ever	  experienced	  a	  lower	  leg,	  ankle,	  or	  foot	  injury?	  Yes	  Is	  Selected	  Q100	  Did	  that	  pain	  or	  injury	  cause	  you	  to	  take	  time	  off	  from	  running?	  
• Yes	  (1)	  
• No	  (2)	  	  Answer	  If	  Did	  that	  injury	  cause	  you	  to	  take	  time	  off	  from	  running?	  Yes	  Is	  Selected	  Q101	  How	  much	  time	  did	  you	  take	  off?	  	  Q69	  How	  many	  years	  have	  you	  been	  running?	  	  Q70	  How	  many	  miles	  per	  week	  do	  you	  average?	  	  Q71	  How	  many	  times	  per	  week	  do	  you	  run?	  	  Q72	  How	  many	  miles	  is	  your	  longest	  run	  during	  the	  week?	  	  Q73	  On	  average,	  what	  is	  the	  pace	  of	  your	  workouts?	  (min/mile)	  	  Q74	  How	  do	  you	  train?	  (Please	  check	  all	  that	  apply)	  
• Long	  Slow	  Distance	  (1)	  
• Long	  Fast	  Distance	  (2)	  
• Fartlek	  (3)	  
• Intervals	  (4)	  
• Sprint	  Training	  (5)	  
• Other	  (6)	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Q75	  What	  kind	  of	  surface	  do	  you	  train	  on?	  (Please	  check	  all	  that	  apply)	  
• Grass	  (1)	  
• Dirt	  (2)	  
• Asphalt	  (3)	  
• Concrete	  (4)	  
• Sand	  (5)	  
• Artificial	  Track	  (6)	  
• Hills	  (7)	  
• Track	  (8)	  	  Q77	  Do	  you	  ever	  run	  on	  canted	  surfaces	  (eg.	  paved	  trail	  or	  beach)?	  
• Yes	  (1)	  
• No	  (2)	  	  Q78	  What	  type	  of	  runner	  do	  you	  consider	  yourself	  to	  be?	  
• Beginning	  (1)	  
• Intermediate	  (2)	  
• Advanced	  (3)	  
• Competitive	  (4)	  	  Q79	  Do	  you	  race?	  
• Yes	  (1)	  
• No	  (2)	  	  Answer	  If	  Do	  you	  race?	  Yes	  Is	  Selected	  Q80	  If	  so,	  how	  often?	  	  Answer	  If	  Do	  you	  race?	  Yes	  Is	  Selected	  Q81	  What	  distances	  do	  you	  race	  at?	  	  Q82	  What	  type	  of	  shoes	  do	  you	  wear	  when	  you	  run?	  
• Standard	  (1)	  
• Motion	  Control	  (2)	  
• Stability	  (3)	  
• Cushioned	  (4)	  
• Barefoot	  Shoes	  (5)	  
• Minimalist	  Shoes	  (6)	  	  Q83	  How	  long	  have	  you	  been	  running	  in	  your	  present	  shoes?	  	  Q84	  Do	  you	  wear	  any	  of	  the	  following	  in	  your	  running	  shoes?	  
• Varus	  Wedge	  (1)	  
• Orthotics	  (2)	  
• Arch	  Supports	  (3)	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Q85	  Do	  you	  stretch	  before	  you	  run?	  
• Yes	  (1)	  
• No	  (2)	  	  Q86	  Do	  you	  stretch	  after	  you	  run?	  
• Yes	  (1)	  
• No	  (2)	  	  Q87	  Do	  you	  warm	  up	  before	  you	  run?	  
• Yes	  (1)	  
• No	  (2)	  	  Q88	  Do	  you	  cool	  down	  after	  you	  run?	  
• Yes	  (1)	  
• No	  (2)	  	  Q89	  Do	  you	  supplement	  your	  running	  with	  strength	  training?	  
• Yes	  (1)	  
• No	  (2)	  	  Q90	  Are	  you	  presently	  feeling...	  
• Completely	  Healthy	  (1)	  
• Fatigued	  (2)	  
• Injured	  (3)	  	  Q105	  Have	  you	  ever	  sustained	  a	  running	  related	  injury?	  
• Yes	  (1)	  
• No	  (2)	  	  Answer	  If	  Have	  you	  ever	  sustained	  a	  running	  related	  injury?	  Yes	  Is	  Selected	  Q106	  Were	  you	  forced	  to	  modify	  your	  training	  due	  to	  injury?	  
• Yes	  (1)	  
• No	  (2)	  	  Answer	  If	  Have	  you	  ever	  sustained	  a	  running	  related	  injury?	  Yes	  Is	  Selected	  Q93	  Did	  you	  run	  a	  particularly	  hard	  race	  or	  hard	  workout	  immediately	  prior	  to	  your	  injury?	  	  
• Yes	  (1)	  
• No	  (2)	  	  Answer	  If	  Have	  you	  sustained	  a	  previous	  running	  related	  injury?	  Yes	  Is	  Selected	  Q94	  Did	  you	  switch	  to	  another	  pair	  of	  running	  shoes	  prior	  to	  your	  injury?	  
• Yes	  (1)	  
• No	  (2)	  	  
	   103	  
Answer	  If	  Have	  you	  ever	  sustained	  a	  running	  related	  injury?	  Yes	  Is	  Selected	  Q96	  Was	  there	  any	  direct	  trauma	  associated	  with	  your	  injury?	  
• Yes	  (1)	  
• No	  (2)	  	  Q97	  Did	  you	  have	  another	  injury	  or	  any	  discomfort	  in	  our	  feet	  or	  legs	  prior	  to	  your	  injury	  that	  you	  tried	  to	  train	  through?	  
• Yes	  (1)	  
• No	  (2)	  	  Q49	  Foot	  and	  Ankle	  Ability	  Measure	  -­‐	  Sports	  	  	  	  This	  questionnaire	  will	  be	  used	  to	  evaluate	  your	  level	  of	  self-­‐assessed	  disability	  as	  it	  pertains	  to	  the	  function	  of	  your	  foot	  and	  ankle.	  	  	  Please	  answer	  every	  question	  with	  only	  one	  response	  that	  most	  closely	  describes	  your	  condition	  within	  the	  past	  week.	  If	  the	  activity	  in	  question	  is	  limited	  by	  something	  other	  than	  your	  foot	  or	  ankle	  please	  mark	  not	  applicable	  (N/A).	  	  Q50	  Running	  	   Click	  to	  write	  Column	  1	  
	   No	  difficulty	  (4)	   Slight	  difficulty	  (3)	   Moderate	  difficulty	  (2)	   Extreme	  difficulty	  (1)	   Unable	  to	  do	  (0)	   N/A	  (0)	  Right	  (1)	   • 	   • 	   • 	   • 	   • 	   • 	  Left	  (2)	   • 	   • 	   • 	   • 	   • 	   • 	  	  	  Q51	  Jumping	  	   Click	  to	  write	  Column	  1	  
	   No	  difficulty	  (4)	   Slight	  difficulty	  (3)	   Moderate	  difficulty	  (2)	   Extreme	  difficulty	  (1)	   Unable	  to	  do	  (0)	   N/A	  (0)	  Right	  (1)	   • 	   • 	   • 	   • 	   • 	   • 	  Left	  (2)	   • 	   • 	   • 	   • 	   • 	   • 	  	  	  Q52	  Landing	  	   Click	  to	  write	  Column	  1	  	   No	  difficulty	  (4)	   Slight	  difficulty	  (3)	   Moderate	  difficulty	  (2)	   Extreme	  difficulty	  (1)	   Unable	  to	  do	  (0)	   N/A	  (0)	  Right	  (1)	   • 	   • 	   • 	   • 	   • 	   • 	  Left	  (2)	   • 	   • 	   • 	   • 	   • 	   • 	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  Q53	  Starting	  and	  stopping	  quickly	  	   Click	  to	  write	  Column	  1	  
	   No	  difficulty	  (4)	   Slight	  difficulty	  (3)	   Moderate	  difficulty	  (2)	   Extreme	  difficulty	  (1)	   Unable	  to	  do	  (0)	   N/A	  (0)	  Right	  (1)	   • 	   • 	   • 	   • 	   • 	   • 	  Left	  (2)	   • 	   • 	   • 	   • 	   • 	   • 	  	  	  Q54	  Cutting/lateral	  movements	  	   Click	  to	  write	  Column	  1	  
	   No	  difficulty	  (4)	   Slight	  difficulty	  (3)	   Moderate	  difficulty	  (2)	   Extreme	  difficulty	  (1)	   Unable	  to	  do	  (0)	   N/A	  (0)	  Right	  (1)	   • 	   • 	   • 	   • 	   • 	   • 	  Left	  (2)	   • 	   • 	   • 	   • 	   • 	   • 	  	  	  Q55	  Low	  impact	  activities	  	   Click	  to	  write	  Column	  1	  
	   No	  difficulty	  (4)	   Slight	  difficulty	  (3)	   Moderate	  difficulty	  (2)	   Extreme	  difficulty	  (1)	   Unable	  to	  do	  (0)	   N/A	  (0)	  Right	  (1)	   • 	   • 	   • 	   • 	   • 	   • 	  Left	  (2)	   • 	   • 	   • 	   • 	   • 	   • 	  	  	  Q56	  Ability	  to	  perform	  activity	  with	  your	  normal	  technique	  	   Click	  to	  write	  Column	  1	  	   No	  difficulty	  (4)	   Slight	  difficulty	  (3)	   Moderate	  difficulty	  (2)	   Extreme	  difficulty	  (1)	   Unable	  to	  do	  (0)	   N/A	  (0)	  Right	  (1)	   • 	   • 	   • 	   • 	   • 	   • 	  Left	  (2)	   • 	   • 	   • 	   • 	   • 	   • 	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Q57	  Ability	  to	  participate	  in	  your	  desired	  sport	  as	  long	  as	  you	  would	  like	  	   Click	  to	  write	  Column	  1	  	   No	  difficulty	  (4)	   Slight	  difficulty	  (3)	   Moderate	  difficulty	  (2)	   Extreme	  difficulty	  (1)	   Unable	  to	  do	  (0)	   N/A	  (0)	  Right	  (1)	   • 	   • 	   • 	   • 	   • 	   • 	  Left	  (2)	   • 	   • 	   • 	   • 	   • 	   • 	  	  	  Q58	  How	  would	  you	  rate	  your	  current	  level	  of	  function	  during	  your	  usual	  activities	  of	  daily	  living	  from	  0	  to	  100	  with	  100	  being	  your	  level	  of	  function	  prior	  to	  your	  foot	  or	  ankle	  problem	  and	  0	  being	  the	  inability	  to	  perform	  any	  of	  your	  usual	  daily	  activities?RIGHT	  	  Q59	  How	  would	  you	  rate	  your	  current	  level	  of	  function	  during	  your	  usual	  activities	  of	  daily	  living	  from	  0	  to	  100	  with	  100	  being	  your	  level	  of	  function	  prior	  to	  your	  foot	  or	  ankle	  problem	  and	  0	  being	  the	  inability	  to	  perform	  any	  of	  your	  usual	  daily	  activities?LEFT	  	  Q64	  Thank	  you	  for	  completing	  the	  survey.	  You	  will	  be	  contacted	  shortly	  by	  Dr.	  Wikstrom	  or	  his	  research	  assistant	  informing	  you	  of	  your	  eligibility	  status.To	  assist	  with	  scheduling,	  if	  you	  are	  eligible,	  what	  days	  and	  times	  are	  you	  generally	  available	  to	  complete	  testing	  sessions?	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